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Disclaimer

All data, specifications, suggested practices, and drawings presented herein, are based on the best
available information and delineated in accordance with recognized professional engineering
principles and practices, and are published for general information only. Procedures and products,
suggested or discussed, should not be used without first securing competent advice respecting their
suitability for any given application.

Publication of the material herein is not to be construed as a warranty on the part of the National
Steel Bridge Alliance [ or that of any person named herein [ that these data and suggested practices
are suitable for any general or particular use, or of freedom from infringement on any patent or
patents. Further, any use of these data or suggested practices can only be made with the
understanding that the National Steel Bridge Alliance makes no warranty of any kind respecting such
use and the user assumes all liability arising therefrom
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1. INTRODUCTION

In 1993, the American Association of State Highway and Transportation Officials (AASHTO) adopted
the Load and Resistance Factor Design (LRFD) specifications for bridge design. The First Edition of the
design specifications was published by AASHTO in 1994. The publication of a Second Edition followed
in 1998, along with the publication of the First Edition of a companion document — the AASHTO LRFD
Bridge Construction Specifications. The design specifications are available in either customary U.S. units
or in SI (metric) units, whereas the construction specifications are currently only available in SI units. The
LRFD specifications were approved by AASHTO for use as alternative specifications to the AASHTO
Standard Specifications for Highway Bridges

The LRFD specifications evolved in response to a high level of interest amongst the AASHTO
Subcommittee on Bridges and Structures in developing updated AASHTO bridge specifications together
with accompanying commentary. The goal was to develop more comprehensive specifications that would
eliminate any gaps and inconsistencies in the Standard Specifications, incorporate the latest in bridge
research, and achieve more uniform margins of safety or reliability across a wide variety of structures.
The decision was made to develop these new specifications in an LRFD-based format, which takes the
variability of the behavior of structural elements into account through the application of statistical
methods, but presents the results in a manner that is readily usable by bridge designers. A detailed
discussion of the evolution of the LRFD design specifications and commentary is presented in NCHRP
Research Results Digest 198 (available from the Transportation Research Board) and elsewhere, and will
not be repeated herein.

The design of steel structures is covered in Section 6 of the AASHTO LRFD Bridge Design
Specifications and only straight steel bridges are covered in the provisions as of this writing. The Third
Edition of the design specifications, to be published in 2004, will contain a complete set of new
provisions for the design of straight steel I- and box-section flexural members within Articles 6.10 and
6.11, respectively. These new provisions have been structured to simplify their logic, organization and
application, while also improving their accuracy and generality. More importantly, the new provisions
lay the necessary groundwork for a potential future unified design approach for both straight and
horizontally curved girders within a single specification, which will further streamline and improve the
overall efficiency of the design process for bridges that contain both straight and curved spans. The basic
application of these new provisions to the design of straight steel I-section section flexural members is
illustrated through the design example presented herein. The example illustrates the design of a typical
three-span continuous straight steel I-girder bridge with spans of 140’-0” — 175’-0” — 140°-0”.
Specifically, the example illustrates the design of selected critical sections from an exterior girder at the
strength, service and fatigue limit states. Constructibility checks, stiffener and shear connector designs
are also presented.

2. OVERVIEW OF LRFD ARTICLE 6.10

The design of I-section flexural members is covered within Article 6.10 of the AASHTO LRFD Bridge
Design Specifications. The new provisions of Article 6.10 contained in the Third Edition of the LRFD
specifications have been organized to correspond more closely to the general flow of the calculations
necessary for the design of I-section flexural members. Each of the sub-articles are written such that they
are largely self-contained, thus minimizing the need for reference to multiple sub-articles to address any
of the essential design considerations. Many of the individual calculations and equations have been
streamlined and selected resistance equations have been updated to improve their accuracy and generality.
The Commentary to the provisions also covers a number of areas in which the previous specifications
have been largely silent. The sub-articles within the Third Edition Article 6.10 are organized as follows:

6.10.1 General
6.10.2 Cross-section Proportion Limits
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6.10.3 Constructibility

6.10.4 Service Limit State

6.10.5 Fatigue and Fracture Limit State

6.10.6 Strength Limit State

6.10.7 Flexural Resistance - Composite Sections in Positive Flexure

6.10.8 Flexural Resistance - Composite Sections in Negative Flexure and Noncomposite Sections
6.10.9 Shear Resistance

6.10.10 Shear Connectors

6.10.11 Stiffeners

6.10.12 Cover Plates

In addition, four new appendices to Section 6 relevant to the design of flexural members are provided as
follows:

Appendix A - Flexural Resistance - Composite Sections in Negative Flexure and Noncomposite Sections
with Compact or Noncompact Webs

Appendix B - Moment Redistribution from Interior-Pier Sections in Continuous-Span Bridges

Appendix C - Basic Steps for Steel Bridge Superstructures

Appendix D - Fundamental Calculations for Flexural Members

For composite [-sections in negative flexure and noncomposite [-sections, the provisions of Article 6.10.8
limit the nominal flexural resistance to a maximum of the moment at first yield. As a result, the nominal
flexural resistance for these sections is conveniently expressed in terms of the elastically computed flange
stress. When these sections satisfy specific steel grade requirements and have webs that are classified as
either compact or noncompact, the optional provisions of Appendix A may be applied instead to determine
the flexural resistance, which may exceed the moment at first yield. Therefore, the flexural resistance is
expressed in terms of moment in Appendix A. The provisions of Appendix A are a direct extension of and
are fully consistent with the main provisions of Article 6.10.8.

The previous Specifications defined sections as either compact or noncompact and did not explicitly
distinguish between a noncompact web and a slender web. The proposed provisions make explicit use of
these definitions for composite I-sections in negative flexure and noncomposite I-sections because the
noncompact web limit serves as a useful anchor point for a continuous representation of the maximum
potential section resistance from the nominal yield moment up to the plastic moment resistance. Because
sections with compact or nearly compact webs are less commonly used, the provisions for sections with
compact or noncompact webs have been placed in an appendix in order to simplify and streamline the
main provisions. The main provisions within the body of Article 6.10 may be used for these types of
sections to obtain an accurate to somewhat conservative determination of the flexural resistance calculated
using Appendix A. For girders that are proportioned with webs near the noncompact web slenderness
limit, the provisions of Article 6.10 and Appendix A produce the same strength for all practical purposes,
with the exception of cases with large unsupported lengths sometimes encountered during construction. In
these cases, Appendix A gives a larger more accurate flexural resistance calculation. In the example to
follow, a slender-web section is utilized for both the composite section in regions of negative flexure and
for the noncomposite section in regions of positive flexure before the concrete deck has hardened. As a
result, the main provisions of Article 6.10 must be applied for the strength limit state and constructibility
checks for those sections and the optional Appendix A is not applicable.

Minor yielding at interior piers of continuous spans results in redistribution of the moments. For straight
continuous-span flexural members that satisfy certain restrictions intended to ensure adequate ductility
and robustness of the pier sections, the optional procedures of Appendix B may be used to calculate the
redistribution moments at the service and/or strength limit states. These provisions replace the former
ten-percent redistribution allowance as well as the former inelastic analysis procedures. They provide a
simple calculated percentage redistribution from interior-pier sections. This approach utilizes elastic
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moment envelopes and does not require the direct use of any inelastic analysis. As such, the new
procedures are substantially simpler and more streamlined than the inelastic analysis procedures of the
previous Specifications. Where appropriate, these provisions make it possible to use prismatic sections
along the entire length of the bridge or between field splices, which can improve overall fatigue
resistance and provide significant fabrication economies. Although the necessary steps could be taken to
allow moment redistribution in the example presented herein, the provisions of Appendix B are not
applied.

Flow charts for flexural design of I-sections according to the new provisions, along with a revised outline
giving the basic steps for steel-bridge superstructure design, are provided in Appendix C. Fundamental
section property calculations for flexural members have been relocated from the specification to a new
Appendix D.

The provisions of Article 6.10 and the optional Appendices A and B provide a unified approach for
consideration of combined major-axis bending and flange lateral bending from any source in both straight
and horizontally curved I-girders. As such, general design equations are provided that include the
consideration of both major-axis bending and flange lateral bending. For straight girders, flange lateral
bending is caused by wind and by torsion from various origins. Sources of significant flange lateral
bending due to torsion include eccentric slab overhang loads acting on cantilever forming brackets placed
along exterior members, staggered cross-frames, and significant support skew. When the above effects

are judged to be insignificant or incidental, the flange lateral bending term, f,, is simply set equal to zero

in the appropriate equations. The format of the equations then simply reduces to the more conventional
and familiar format for checking the nominal flexural resistance of I-sections in the absence of flange
lateral bending. The example to follow considers the effects of flange lateral bending caused by wind and
by torsion due to the effects of eccentric slab overhang loads.

Finally, it should be noted that the new Article 6.10 provisions do not incorporate all the necessary
requirements for horizontally curved I-girder bridge design as of this writing. It is anticipated that these
requirements will soon be incorporated under the work of NCHRP Project 12-52, and that some
additional restrictions will be placed on the application of the provisions in Article 6.10 to curved bridge
design. However, the new provisions lay the necessary groundwork for accomplishing that effort in an
efficient manner, which was the primary impetus for the extensive revisions.

3. DESIGN PARAMETERS

The following data apply to this example design:

Specifications: 2004 AASHTO LRFD Bridge Design Specifications, Customary U.S. Units,
Third Edition
Structural Steel: AASHTO M 270 Grade HPS 70W (ASTM A 709 Grade HPS 70W)

uncoated weathering steel with F, = 70 ksi (for the flanges in regions of
negative flexure)
AASHTO M 270, Grade 5S0W (ASTM A 709, Grade 50W) uncoated

weathering steel with F, = 50 ksi (for all other girder and cross-frame
components)

The example design utilizes uncoated weathering steel. Where site conditions are adequate for successful
application, uncoated weathering steel is the most cost-effective material choice in terms of savings in
both initial and future repainting costs. In the years since its introduction into bridge construction by the
Michigan DOT in the 1960's, uncoated weathering steel has become widely accepted as cost-effective,
currently representing about 45 percent of the steel-bridge market. However, it has also frequently been
misused because of inexperience or ignorance about the properties of the material. To counter this and
increase the confidence in its performance, the FHWA issued a Technical Advisory (T5140.22) in 1989
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entitled Uncoated Weathering Steel in Structures. The guidelines contained in this document, developed
in cooperation with the steel industry, are a valuable source of information on the proper environments for
the use of weathering steel. The guidelines also suggest good detailing practice to help ensure successful
application of the material.

In regions of negative flexure, the example design utilizes a hybrid section consisting of ASTM A 709
Grade HPS 70W high-performance steel (HPS) flanges and an ASTM A 709 Grade S0W web. Grade
HPS 70W was developed in the early 1990s under a successful cooperative research program between the
Federal Highway Administration, the U.S. Navy, and the American Iron and Steel Institute. Grade HPS
70W possesses superior weldability and toughness compared to conventional steels of this strength range.
Grade HPS 70W is currently produced by quenching and tempering (Q&T) or by thermo-mechanical-
controlled-processing (TMCP). TMCP HPS is available in plate thicknesses up to 2 inches and in
maximum plate lengths from approximately 600 to 1500 inches depending on weights. Q&T HPS is
available in plate thicknesses up to 4 inches, but because of the furnaces that are used in the tempering
process, is subject to a maximum plate-length limitation of 600 inches or less depending on weights.
Therefore, when Q&T HPS is used, the maximum plate-length limitation should be considered when
laying out flange and web transitions. Current information on maximum plate length availability can be
obtained by contacting a steel producer. Guidelines for fabrication using Grade HPS 70W steel are
available in the AASHTO Guide Specifications for Highway Bridge Fabrication with HPS 70W Steel
(Second Edition to be published in 2004). HPS is finding increasing application in highway bridges
across the U.S., with hybrid designs utilizing Grade HPS 70W flanges in conjunction with a Grade HPS
50W web being the most popular application.

Concrete: £/ =4.0 ksi
Slab Reinforcing Steel: AASHTO M 31, Grade 60 (ASTM A 615, Grade 60) with F, = 60 ksi

Permanent steel deck forms are assumed between the girders; the forms are assumed to weigh 15.0 psf.
The girders are assumed to be composite throughout.

For the fatigue design, the Average Daily Truck Traffic (ADTT) in one direction, considering the
expected growth in traffic volume over the 75-year fatigue design life, is assumed to be 2,000 trucks/day.

4. STEEL FRAMING

4.1. Span Arrangement

Proper layout of the steel framing is an important part of the design process. The example bridge has
spans of 140’-0” — 175’-0” — 140°-0”, with the span lengths arranged to give similar positive dead load
moments in the end and center spans. Such balanced span arrangements (i.e. end spans approximately
0.8 of the length of the center spans) in multiple continuous-span steel bridges result in the largest
possible negative moments at the adjacent piers, along with smaller concomitant positive moments and
girder deflections. As a result, the optimum depth of the girder in all spans will be nearly the same
resulting in a much more efficient design.

Steel has the flexibility to be utilized for most any span arrangement. However, in some competitive
situations, steel has been compelled to use a particular span arrangement that has been optimized for an
alternate design. In a competitive situation, if the pier locations are flexible and if the spans have been
optimized for the alternate design, the span arrangement for the steel design almost certainly will be
different and must also be optimized. In situations where there are severe depth restrictions or where it is
desirable to eliminate center piers (e.g. certain overpass-type structures), it may be desirable to provide
short end spans. However, in cases where there are no such restrictions or needs, it will likely be more
economical to extend the end spans to provide a balanced span ratio. This will avoid the costs associated
with the possible need for tie-downs at the end bearings, inefficient girder depths and additional moment
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in some spans. In curved structures, extension of the end spans may also permit the use of radial supports
where skewed supports might otherwise have been necessary.

It should be noted that the most efficient and cost-competitive steel bridge system can result only when
the substructure for the steel design is evaluated and designed concurrently with the superstructure.
Although the superstructure and substructure act in concert, each is often analyzed for separate loads and
isolated from the other as much as possible both physically and analytically. Substructure costs represent
a significant portion of the total bridge cost. The form chosen for the substructure, often based on past
experience or the desire to be conservative, may unknowingly lead to an inefficient steel design.
Substructure form also has a marked effect on the overall aesthetic appeal of the structure. When the site
dictates difficult span arrangements and pier designs, steel is often the only material of choice. However,
its efficiency often suffers when designed to conform to foundations developed for other materials.

For major projects, superstructure and substructure cost curves should be developed for a series of
preliminary designs using different span arrangements. Since the concrete deck costs are constant and
independent of span length, they need not be considered when developing these curves. The optimum
span arrangement lies at the minimum of the sum of the superstructure and substructure costs. These
curves should always be regenerated to incorporate changes in unit costs that may result from an
improved knowledge of specific site conditions. While it is recognized that the locations of piers cannot
be varied in many instances, for cases where pier locations are flexible, the use of poorly conceived span
arrangements and/or substructure form can have the greatest total cost impact on a steel-bridge design.

Bridge Cross-Section

The example bridge cross-section consists of four (4) girders spaced at 12’-0” centers with 3’-6” deck
overhangs and an out-to-out deck width of 43’-0”. The 40’-0” roadway width can accommodate up to
three 12-foot-wide design traffic lanes. The total thickness of the cast-in-place concrete deck is 9'%”
including a %4”-thick integral wearing surface. The concrete deck haunch is 3%” deep measured from the
top of the web to the bottom of the deck. The width of the deck haunch is assumed to be 16.0 inches.
Deck parapets are each assumed to weigh 520 pounds per linear foot. A future wearing surface of 25.0
psfis also assumed in the design. A typical cross-section is shown in Figure 1:

430"
40'-0" Roadway |
1l_6ll 2|-0"
9 1/2" Slab
w/ 1/2" Integral l;éV\(l)-S. ?t
_'\ Wearing Surface U ps /:
2 &
=
3-6' 3 Spa at 12-0" = 360" 36"

Figure 1: Typical Bridge Cross-Section

The deck overhangs are approximately 29 percent of the girder spacing. Reducing the girder spacing
below 12°-0” would lead to an increase in the size of the deck overhangs, which may lead to larger
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loading on the exterior girders. The effect of a wider girder spacing would have to be evaluated with
respect to any potential increase in the cost of the concrete deck. Wide girder spacings offer the
advantages of fewer girders and pieces to fabricate, inspect, ship and erect, and fewer bearings to
purchase and set.

Cross-Frames

Cross-frames provide lateral stability to the top and bottom flanges of the girder, distribute vertical dead
and live loads applied to the structure, transfer lateral wind loads from the bottom of the girder to the deck
and from the deck to the bearings, reduce any flange lateral bending effects and transverse deck stresses
and provide adequate distribution of load to ensure relatively equal girder deflection during construction.
Cost-effective design of steel-bridge superstructures requires careful attention to details, including the
design of diaphragms and cross-frames. Although these members account for only a small percentage of
the total structure weight, they usually account for a significant percentage of the total erected steel cost.

Cross-frames in steel-girder bridges, along with the concrete deck, provide restoring forces that tend to
make the steel girders deflect equally. During erection and prior to curing of the deck, the cross-frames
are the only members available to provide the restoring forces that prevent the girders from deflecting
independently. The restoring forces will be very small if the stiffnesses of the adjacent girders at the
cross-frame connection points are approximately equal and the applied loads to each girder are
approximately the same. For the more general case where the girders deflect by different amounts, the
cross-frames and concrete deck will develop larger restoring forces, with the magnitude being dependent
on the relative girder, cross-frame and deck stiffnesses.

With fewer cross-frame lines, the force in each cross-frame member will increase to some degree since
the total restoring force between two adjacent girders is the same regardless of the number of cross-
frames that are provided. Stresses in the concrete deck will also increase to a degree. For a tangent
composite bridge with a regular framing plan, which is the case in this particular design example, the
increases in these forces and stresses will typically be of less concern; particularly at the cross-frame
spacings chosen for this example. However, the designer should be at least cognizant of these effects
when fewer cross-frame lines are provided, especially for more irregular framing plans and when the
bridge is non-composite.

When refined methods of analysis are used and the cross-frames are included in the structural model to
determine force effects, the cross-frame members are to be designed for the calculated force effects.
When approximate methods of analysis are used (e.g., lateral distribution factors), cross-frame force
effects due to dead and live loads generally cannot be easily calculated. Thus, as a minimum, cross-
frames are designed to transfer wind loads and to meet all applicable slenderness and minimum material
thickness requirements. For the most part, such an approach has proven successful on tangent bridges
without skewed supports or with small skews. For tangent bridges with moderate to highly skewed
supports, where the effects of differential deflections between girders become more pronounced, and for
all curved bridges, closer scrutiny of cross-frame force effects is warranted.

Since 1949, the AASHTO Standard Specifications for steel design have specified a limit of 25'-0" on
the longitudinal diaphragm or cross-frame spacing for I-girder bridges. While this limit has ensured
satisfactory performance of these structures over the years, it is essentially an arbitrary limit that was
based on the experience and knowledge that existed at that time. This arbitrary requirement has been
removed in the LRFD specifications. Instead, the need for cross-frames at all stages of construction and
the final condition is to be established by rational analysis (Article 6.7.4.1). Article 6.7.4.1 further states
that the investigation should include, but not be limited to, consideration of the transfer of lateral wind
loads from the bottom of the girder to the deck and from the deck to the bearings, the stability of bottom
flanges for all loads when subject to compression, the stability of top flanges in compression prior to
curing of the deck and the distribution of vertical dead and live loads applied to the structure.
Diaphragms or cross-frames required for conditions other than the final condition may be specified to be
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temporary bracing. Based on the preceding considerations, the cross-frame spacings shown on the
framing plan in Figure 2 were chosen for this example.

Although the AASHTO design specifications are generally member based, the overall behavior of the
entire bridge system must also be considered, particularly during the various stages of construction. As
will be demonstrated later on in the design example, the noncomposite bridge structure acts as a system to
resist wind loads during construction. The example calculations will illustrate how a couple of panels of
top lateral bracing, as shown in the interior bays adjacent to the interior piers in Figure 2, can be added, if
necessary, to provide a stiffer load path for wind loads acting on the noncomposite structure during
construction. The lateral bracing helps to reduce the lateral deflections and lateral flange bending stresses
due to the wind loads. A rational approach is presented to help the Engineer evaluate how many panels of
lateral bracing might be necessary to reduce the lateral deflections and stresses to a level deemed
acceptable for the situation under consideration. Such a system of lateral bracing adjacent to supports can
also help provide additional rigidity to an I-girder bridge system to help prevent significant relative
horizontal movements of the girders that may occur during construction, particularly in longer spans (e.g.
spans exceeding approximately 200 feet). Unlike building columns, which are restrained against the
ground by gravity and cannot translate with respect to each other, bare steel bridge girders are generally
free to translate longitudinally with respect to adjacent girders. Lateral bracing provides a triangulation of
the members to help prevent the rectangles formed by the girders and cross-frames from significantly
changing shape and moving longitudinally with respect to each other. Bottom lateral bracing can serve
similar functions to those described above, but unlike top bracing, would be subject to significant live-
load forces in the finished structure that would have to be considered should the bracing be left in place.

Field Section Sizes

Field section lengths are generally dictated by shipping weight and length considerations. The Engineer
should consult with fabricators regarding any specific restrictions that might influence the field-splice
locations. For the example design, there is one field splice assumed in each end span and two field
splices assumed in the center span resulting in five (5) field sections in each line of girders, or 20 field
sections for the bridge (Figure 2).

5 € Field € Field
% 100-0" , Splice 82'0" | Splice g4 g
I Field Section 1 Field Section 2 Field Section 3
5 (2 Req4d) (2 Reqd)
N Top Lateral
e Bracing (Typ.) |
8
® |
3] 1
[
|
/ |
\_(E Girder Cross Frame ‘ |
| (Typ) (Typ) | '
Cross Frame ! 5 Spa at 240" 200" | 200" 5 Spa at 270" |
Spacing | | |
Span | 140'-0" i 87'6" i
I Span 1 I Half Span 2 ¢_ Symm. Abt.
¢ End Bearing € Pier1 Span 2

Figure 2: Framing Plan
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5. PRELIMINARY GIRDER SIZES

5.1.

5.2.

Girder Depth

The proper girder depth is another extremely important consideration affecting the economy of steel-
girder design. In the absence of any depth restrictions, Article 2.5.2.6.3 provides suggested minimum
span-to-depth ratios. From Table 2.5.2.6.3-1, the suggested minimum depth of the steel section in a
composite I-section in a continuous span is given as 0.027L, where L is the span length in feet. Using the
longest span of 175°-0”, the suggested minimum depth of the steel section is:

0.027(175.0) =4.725 ft = 56.7 in.

Since there are no depth restrictions in this case, a deeper steel section is desired to provide greater
stiffness to the girders in their noncomposite condition during construction (it should be noted that the
optimum web depth is usually also greater than the suggested minimum web depth). Therefore, the
suggested minimum overall depth of the composite I-section in a continuous span, equal to 0.032L, from
Table 2.5.2.6.3-1 will be used here for the steel section:

0.032(175.0) = 5.60 ft = 67.2 in.
A web depth of 69 inches is used.
Cross-section Proportions

Cross-section proportion limits for webs of I-sections are specified in Article 6.10.2.1. In the span ranges
given for this example, the need for longitudinal stiffeners on the web is not anticipated. For webs
without longitudinal stiffeners, webs must be proportioned such that:

t2§150 Eq. (6.10.2.1.1-1)

Rearranging:

(t,) =2 -9 946 in.
min 150 150

Because of concerns about the web bend-buckling resistance at the service limit state in regions of
negative flexure and also the higher shears in these regions, try a web thickness of 0.5625 inches in
regions of negative flexure and a web thickness of 0.5 inches in regions of positive flexure. Note that the
AASHTO/NSBA Steel Bridge Collaboration Guidelines for Design for Constructibility (hereafter
referred to as “the Guidelines” - to be published in 2004 and endorsed by the AASHTO T-14 Technical
Committee for Structural Steel Design) recommend a minimum web thickness of 0.4375 inches, with a
minimum thickness of 0.5 inches preferred.

Cross-section proportion limits for flanges of I-sections are specified in Article 6.10.2.2. The minimum
width of flanges is specified as:

b, >D/6 Eq. (6.10.2.2-2)
Therefore:
(by),. =D/6=69/6=11.5 in.
The minimum thickness of flanges is specified as:
t, >1.1t, Eq. (6.10.2.2-3)
Or:

(t),. =1.1t,=1.1(0.5625)=0.62 in.
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However, the Guidelines recommend a minimum flange thickness of 0.75 inches. Therefore, use (t)min =
0.75 inches.

For the top flange in regions of positive flexure in composite girders, Article C6.10.3.4 provides the
following additional guideline for the minimum compression-flange width. This guideline is intended to
provide more stable field pieces that are easier to handle during erection without the need for special
stiffening trusses or falsework, and to help limit out-of-plane distortions of the compression flange and
web during the deck-casting operation:
L

b, Zg Eq. (C6.10.3.4-1)
where L is the length of the girder shipping piece in feet. From Figure 3, the length of the longest field
piece, which is assumed to also equal the length of the longest shipping piece in this case, is 100 feet.
Therefore, for this particular shipping piece:

(by). . _L 199 496 o141 in.
f /min 85

Based on the above minimum proportions, the trial girder shown in Figure 3 is assumed for the exterior
girder, which is assumed to control.

Because the top flange of the exterior girders will be subject to flange lateral bending due to the effect of
the eccentric deck overhang loads, and also due to wind loads during construction, top-flange sizes
slightly larger than the minimum sizes are assumed in regions of positive flexure. The bottom flange
plates in regions of positive flexure in this example are primarily sized based on the flange-stress
limitation at the service limit state specified in Article 6.10.4.2.2. However, in the end spans, the size of
the larger bottom-flange plate in this region is controlled by the stress-range limitation on a cross-frame
connection plate weld to the tension flange at the fatigue and fracture limit state, as will be demonstrated
later. The bottom-flange sizes in regions of negative flexure are assumed controlled by either the flange
local buckling or lateral torsional buckling resistance at the strength limit state. Top-flange sizes in these
regions are assumed controlled by tension-flange yielding at the strength limit state. At this stage, the
initial trial plate sizes in regions of negative flexure are primarily educated guesses based on experience.
Because the girder is assumed to be composite throughout, the minimum one-percent longitudinal
reinforcement required in Article 6.10.1.7 will be included in the section properties in regions of negative
flexure. As a result, a top flange with an area slightly smaller than the area of the bottom flange can be
used in these regions. Recall that the flanges in regions of negative flexure are assumed to be Grade HPS
70W steel in this example.

Because the most economical plate to buy from a mill is between 72 and 96 inches wide, an attempt was
made in the design to minimize the number of thicknesses of plate that must ordered for the flanges. As
recommended in the Guidelines, flange thicknesses should be selected in not less than 1/8-inch
increments up to 2% inches in thickness and “-inch increments over 2% inches in thickness. Note that
individual flange widths are kept constant within each field piece, as recommended in the Guidelines.
The Guidelines contain more detailed discussion on specific issues pertinent to the sizing of girder flanges
as it relates to the ordering of plate and the fabrication of the flanges. Fabricators can also be consulted
regarding these issues and all other fabrication-related issues discussed herein.

Flange transitions, or shop-welded splices, are located based on design considerations, plate length
availability (as discussed earlier) and the economics of welding and inspecting a splice compared to the
cost of extending a thicker plate. The design plans should consider allowing an option for the fabricator
to eliminate a shop splice by extending a thicker flange plate subject to the approval of the Engineer.
Usually, a savings in weight of between 800 to 1000 pounds should be realized in order to justify a flange
butt splice. Again, the Guidelines contain more detailed discussion regarding this particular issue. At
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flange splices, the cross-sectional area of the thinner plate should not be less than one-half the cross-
sectional area of the thicker plate.

Article 6.10.2.2 contains two additional flange proportion limits as follows:

5 120 Eq. (6.10.2.2-1)
2t,
IC
0.1<2<10 Eq. (6.10.2.2-4)
yt

moment of inertia of the compression flange of the steel section about the vertical axis
in the plane of the web (in*)

I, = moment of inertia of the tension flange of the steel section about the vertical axis in
the plane of the web (in*)

where: Iy

These criteria are each checked for the most critical case (refer to Figure 3):

b, 18

——=———=103<12.0 ok
2t,  2(0.875)
All other flanges have a ratio of b¢/2t; less than 10.3.
1(16)
|
o 12___g5
I, 1.375(18)

12
0.1<051< 10 ok

At all other sections, the ratio of /Iy is greater than 0.51 and less than 10.

6. LOADS
6.1. Dead Loads

As specified in Article 3.5.1, dead loads are permanent loads that include the weight of all components of
the structure, appurtenances and utilities attached to the structure, earth cover, wearing surfaces, future
overlays and planned widenings.

In the LRFD specification, the component dead load DC is assumed to consist of all the structure dead
load except for any non-integral wearing surfaces and any specified utility loads. For composite steel-
girder design, DC is assumed divided into two separate parts: 1) DC acting on the non-composite section
(DC)), and 2) DC acting on the composite section (DC,). As specified in Article 6.10.1.1.1a, DC,
represents permanent component load that is applied before the concrete deck has hardened or is made
composite, and is assumed carried by the steel section alone. DC, represents permanent component load
that is applied after the concrete deck has hardened or is made composite, and is assumed carried by the
long-term composite section. For computing stresses from moments, the stiffness of the long-term
composite section in regions of positive flexure is calculated by transforming the concrete deck using a
modular ratio of 3n to account in an approximate way for the effect of concrete creep (Article
6.10.1.1.1b). In regions of negative flexure, the long-term composite section is assumed to consist of the
steel section plus the longitudinal reinforcement within the effective width of the concrete deck (Article
6.10.1.1.1c).

As discussed previously, cross-frames in steel-girder bridges, along with the concrete deck, provide
restoring forces that tend to make the steel girders deflect equally. Under the component dead load, DC,,
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applied prior to hardening of the deck or before the deck is made composite, the cross-frames are the only
members available to provide the restoring forces that prevent the girders from deflecting independently.
Therefore, aside from deflections resulting from elastic shortening of the cross-frames, which are
generally negligible, it is reasonable to assume for typical deck overhangs and for bridges with
approximately equal girder stiffnesses at points of connection of the cross-frames (e.g. straight bridges
with approximately equal-size girders and bearing lines skewed not more than approximately 10° from
normal) that all girders in the cross-section will resist the DC; loads equally. This assumption has been
borne out analytically and in the field. Other assumptions may potentially lead to problems in the field,
particularly when the DC; deflections are large. Therefore, in this example, the total DC, load will be
assumed equally distributed to each girder in the cross-section. Note that Article 4.6.2.2.1 permits the
permanent load of the deck to be distributed uniformly among the girders when certain specified
conditions are met.

In the following, the unit weight of concrete is taken equal to 0.150 kcf (Table 3.5.1-1), the concrete deck
haunch width is taken equal to 16.0 inches, and the deck haunch thickness is conservatively taken equal to
2.75 inches (refer also to Figure 1):

Component dead load (DC,):
9.5

Concrete deck = E(43.0)(0.150)=5.106 kips/ft (includes IWS)
1 (13+10 16/2 .
Concrete deck overhang tapers = 2 ol —9.5][3.5—%“(0.150)=0.142 kips/ft
16(2.75) ,
Concrete deck haunches = 4 i (0.150)=0.183 kips/ft
. 16 .
Stay-in-place forms = 3 12.0-5} (0.015)=0.480 Kkips/ft
Cross-frames and details = 0.120 kips/ft
DC, load per girder = 6.031 kips/ft + 4 girders = 1.508 Kips/ft plus girder self-weight

DW in the LRFD specification consists of the dead load of any non-integral wearing surfaces and any
utilities. DW is also assumed carried by the long-term composite section. DC, and DW are separated
because different permanent-load load factors vy, (Table 3.4.1-2) are applied to each load.

In this example, the wearing surface load, DW, is assumed applied over the 40’-0” roadway width and
equally distributed to each girder, which has been the customary practice for many years and is also
permitted in Article 4.6.2.2.1 for bridges satisfying specified conditions. Over time, there has been a
significant increase in the use of large concrete barriers that are often placed at the outer edges of the
concrete deck. When refined methods of analysis are employed, these concrete barrier loads (the DC,
loads in this case) should be applied at their actual locations at the outer edges of the deck, which results
in the exterior girders carrying a larger percentage of these loads. Thus, in this example, the weight of
each concrete barrier will be distributed equally to an exterior girder and the adjacent interior girder. The
PennDOT DM-4 Design Manual follows such a practice (others have assigned 60 percent of the barrier
weight to the exterior girder and 40 percent to the adjacent interior girder, while others continue to
distribute the barrier weight equally to each girder). In this particular case, with only four girders in the
cross-section, this is equivalent to equal distribution of the total barrier weight to all the girders, but this
would not be the case when there are more girders in the cross-section. Therefore, the DW and DC, loads
on a single exterior girder are computed as follows for this particular example:

Wearing surface load (DW) = [0.025 x 40.0]/4 girders = 0.250 kips/ft
Component dead load -- Barrier load (DC,) = 0.520/2 = 0.260 Kkips/ft
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Live Loads

In the LRFD specifications, live loads are assumed to consist of gravity loads (vehicular live loads, rail
transit loads and pedestrian loads), the dynamic load allowance, centrifugal forces, braking forces and
vehicular collision forces. Live loads of interest in this example are the basic design vehicular live load, a
specified loading for optional live-load deflection evaluation, and a fatigue load, with the appropriate
dynamic load allowance included.

Live loads are considered to be transient loads that are assumed applied to the short-term composite
section. For computing stresses from moments, the short-term composite section in regions of positive
flexure is calculated by transforming the concrete deck using a modular ratio of n (Article 6.10.1.1.1b). In
regions of negative flexure, the short-term composite section is assumed to consist of the steel section
plus the longitudinal reinforcement within the effective width of the concrete deck (Article 6.10.1.1.1c),
except as permitted otherwise at the fatigue and service limit states (see Articles 6.6.1.2.1 and 6.10.4.2.1)
and when computing longitudinal flexural stresses in the concrete deck (see Article 6.10.1.1.1d).

6.2.1. Design Vehicular Live Load (Article 3.6.1.2)

The basic design vehicular live load in the LRFD specifications is designated as HL-93 and consists of a
combination of the following placed within each design lane:

e adesign truck or design tandem.
e adesign lane load.

This represents a deviation from the traditional AASHTO approach in which the design truck or tandem is
applied independently from the lane load. In the AASHTO Standard Specifications, the lane load is
treated as a separate loading and one or two single concentrated loads are superimposed onto the lane
loading to produce extreme force effects.

The design truck (Article 3.6.1.2.2) is equivalent to the current AASHTO HS20 truck with the spacing
between the 32 kip rear-axle loads varied between 14 and 30 ft to produce extreme force effects (Figure
3.6.1.2.2-1). The 8 kip front axle is located at a constant distance of 14 ft from the closest rear axle. The
transverse spacing of the wheels is 6 ft. The truck is assumed to occupy a design lane 12 ft in width with
only one truck to be placed within each design lane (except as discussed below). The truck is to be
positioned transversely within a lane to produce extreme force effects; however, the truck is to be
positioned no closer than 2 ft from the edge of the design lane. For the design of the deck overhang, the
truck is to be positioned no closer than 1 ft from the face of the curb or railing (Article 3.6.1.3. 1).

The design tandem (Article 3.6.1.2.3) consists of a pair of 25 kip axles spaced 4 ft apart with a transverse
spacing of wheels equal to 6 ft.

The design lane load (Article 3.6.1.2.4) consists of a 0.64 kips/ft uniformly distributed load occupying a
10 ft lane width positioned to produce extreme force effects. The uniform load may be continuous or
discontinuous as necessary to produce the maximum force effect.

For continuous spans, live-load moments in regions of positive flexure and in regions of negative flexure
outside the points of permanent-load contraflexure are computed using only the HL-93 loading. For
computing live-load moments in regions of negative flexure between the points of permanent-load
contraflexure, a special negative-moment loading is also considered. For this special negative-moment
loading, a second design truck is added in combination with the design lane load (Article 3.6.1.3.1). The
minimum headway between the lead axle of the second truck and the rear axle of the first truck is
specified to be 50 ft (a larger headway may be used to obtain the maximum effect). The distance between
the two 32 kip rear axles of each of the design trucks is to be kept at a constant distance of 14 ft. In
addition, all design loads (truck and lane) are to be reduced to 90 percent of their specified values. The
live-load negative moments between points of permanent-load contraflexure are then taken as the larger
of the moments caused by the HL-93 loading or this special negative-moment loading. The specification
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is currently silent regarding spans without points of permanent-load contraflexure. It is presumed that the
special negative-moment loading should be considered over the entire span in such cases.

Live-load shears in regions of positive and negative flexure are to be computed using the HL-93 loading
only. However, interior-pier reactions are to be calculated based on the /arger of the shears caused by the
HL-93 loading or the special negative-moment loading.

In all cases, axles that do not contribute to the extreme force effects under consideration are to be
neglected.

For strength limit state and live-load deflection checks, a 33 percent dynamic load allowance (or impact
factor) is applied only to the design truck or tandem portion of the HL-93 design live load or to the truck
portion of the special negative-moment loading (Article 3.6.2). The dynamic load allowance is not to be
applied to the lane portion of the loadings. As a result, the dynamic load allowance implicitly remains a
function of the span length, although the span length is not explicitly used to compute the allowance.

The live-load models discussed above are not intended to represent a particular truck, but rather they are
intended to simulate the moments and shears produced by groups of vehicles routinely permitted on
highways of various states under "grandfather" exclusions to weight laws. The moment and shear effects
from these notional live-load models were compared to selected weigh-in-motion data, the results of truck
weight studies, the Ontario Highway Bridge Design Code live-load model, and statistical projections of
75-year vehicles, and were found to be representative when scaled by appropriate load factors. The
current HS20 and HS25 vehicles by themselves were not considered to be accurate representations of the
exclusion loads over a wide range of spans that were studied.

6.2.2. Loading for Optional Live-Load Deflection Evaluation (Article 3.6.1.3.2)

The vehicular live load for checking the optional live-load deflection criterion specified in Article
2.5.2.6.2 is taken as the larger of:

e the design truck alone.
e 25 percent of the design truck along with the design lane load.

These loadings are used to produce apparent live-load deflections similar to those produced by AASHTO
HS20 design live loadings. It is assumed in the live-load deflection check that all design lanes are loaded
and that all supporting components are assumed to deflect equally (Article 2.5.2.6.2). The appropriate
multiple presence factors specified in Article 3.6.1.1.2 (discussed later) are to be applied. For composite
design, Article 2.5.2.6.2 also permits the stiffness of the design cross-section used for the determination
of the deflection to include the entire width of the roadway and the structurally continuous portions of any
railings, sidewalks and barriers. The bending stiffness of an individual girder may be taken as the
stiffness, determined as described above, divided by the number of girders. Live-load deflection is
checked using the live-load portion of the SERVICE I load combination (Table 3.4.1-1), including the
appropriate dynamic load allowance.

6.2.3. Fatigue Load (Article 3.6.1.4)

The vehicular live load for checking fatigue in steel structures in the LRFD specifications consists of a
single design truck (without the lane load) with a constant rear-axle spacing of 30 ft (Article 3.6.1.4.1).
The fatigue load is used to represent the variety of trucks of different types and weights in actual traffic.
The constant rear-axle spacing approximates that for the 4- and 5-axle semi-trailers that do most of the
fatigue damage to bridges.

The AASHTO fatigue-design procedures given in the Standard Specifications do not accurately reflect
actual fatigue conditions in bridges; these procedures combine an artificially high fatigue stress range
with an artificially low number of stress cycles to achieve a reasonable design. The specified fatigue load
in the LRFD specifications produces a lower calculated stress range than produced by the loadings in the
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Standard Specifications. This reduction in calculated stress range is offset by an increase in the number of
cycles of loading to be considered in the LRFD specifications. The lower stress range and the increased
number of cycles are believed to be more reflective of actual conditions experienced by many bridges.

The number of cycles to be considered is the number of cycles due to the trucks actually anticipated to
cross the bridge in the most heavily traveled lane in one direction averaged over its design life. This
Average Daily Truck Traffic (ADTT) can be estimated as a reasonable fraction of the Average Daily
Traffic (including all vehicles), which research has shown to be limited to about 20,000 vehicles per lane
per day under normal conditions. In the absence of site-specific data, Table C3.6.1.4.2-1 in the
Commentary to Article 3.6.1.4.2 may be used to estimate the fraction of trucks in the traffic. The
frequency of the fatigue load is then taken as the single lane average daily truck traffic, (ADTT)s.. In the
absence of better information, (ADTT)s. can be computed by multiplying the ADTT by the fraction of
truck traffic in a single lane p given in Table 3.6.1.4.2-1. It is believed adequate to assume that only one
fatigue truck is on the bridge at a given time.

In the FATIGUE load combination given in the LRFD specifications (Table 3.4.1-1), a load factor of 0.75
is applied to the fatigue load to further represent the effective stress range due to this truck population.
The factored fatigue load is nearly equivalent to the current AASHTO HS15 loading. The live-load stress
range caused by passage of this fatigue load is considered to be approximately one-half that caused by the
heaviest single truck expected to cross the bridge over a 75-year period. If the maximum stress range
(twice the stress range due to the factored fatigue load) that a welded steel detail experiences in its
lifetime is less than the constant amplitude fatigue threshold for that detail, the detail is believed to not
experience fatigue crack growth. As a result, the detail is considered to have an infinite life.

Rather than specifying a separate load case, this is accounted for in the specification by dividing the
constant amplitude fatigue threshold resistance for a particular detail (equivalent to the allowable stress
range for over two million cycles given in the Standard Specifications) by one-half. This resistance is
then checked against the stress range caused by the factored fatigue load (Article 6.6.1.2.5). This modified
constant amplitude fatigue threshold resistance will govern the fatigue resistance of most details, except
possibly for lower category details and details on bridges subjected to very low truck-traffic volumes. For
these cases, the finite-life fatigue resistance of the detail is computed from an equation defining the slope
of the log S- log N curve for that detail (equivalent to the allowable stress ranges for two million cycles or
less given in the Standard Specifications). It is important to remember that fatigue is only to be considered
if the maximum tensile stress due to twice the factored fatigue load at a particular detail is greater than or
equal to the unfactored permanent-load compressive stress at that detail, as specified in Article 6.6.1.2.1.

Where the bridge is analyzed using approximate analysis methods, the specified lateral live-load
distribution factors for one traffic lane loaded are to be used in the fatigue check. Where the bridge is
analyzed by any refined method, the single design truck is to be positioned transversely and longitudinally
to maximize the stress range at the detail under consideration. A reduced dynamic load allowance of 15
percent is to be applied to the fatigue load (Article 3.6.2).

Wind Loads

The design horizontal wind pressure, Pp, used to compute the wind load on the structure, WS, is
determined as specified in Article 3.8.1. It will be assumed that the example bridge superstructure is 35
feet above the low ground and that it is located in open country.

In the absence of more precise data, the design horizontal wind pressure is to be determined as follows:

2
V, V2
P, =P, |-RZ| =p Dz Eq. (3.8.1.2.1-1
D B[VB] 310’000 q ( )
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where:  Pg = base wind pressure 0.050 ksf for beams (Table 3.8.1.2.1-1)

Vpz = design wind velocity at design elevation, Z (mph)
Vg = base wind velocity at 30 ft height 100 mph

For bridges or parts of bridges more than 30 feet above low ground, Vpy is to be adjusted as follows:

V. Z
V,,=2.5V |2 |In|— Eq. (3.8.1.1-1
DZ o [ v, ] [ 2 } q. ( )
where: 'V, = friction velocity = 8.20 mph for open country (Table 3.8.1.1-1)
Vi = wind velocity at 30 feet above low ground = Vg = 100 mph in the absence of
better information
Z = height of the structure measured from low ground (> 30 feet)

Z, = friction length of upstream fetch = 0.23 feet for open country (Table 3.8.1.1-1)

Therefore,

VDZ=2.5(8.20)[%]1n[%]=103.0 mph

(103.0)°

b

P,=0.050 =0.053 ksf

Pp is to be assumed uniformly distributed on the area exposed to the wind. The exposed area is to be the
sum of the area of all components as seen in elevation taken perpendicular to the assumed wind direction.
The direction of the wind is to be varied to determine the extreme force effect in the structure or its
components. For cases where the wind is not taken as normal to the structure, lateral and longitudinal
components of the base wind pressure, Pg, for various angles of wind direction (assuming Vg = 100 mph)
are given in Table 3.8.1.2.2-1. The angles are assumed measured from a perpendicular to the longitudinal
axis. As specified in Article 3.8.1.2.1, the total wind load, WS, on girder spans is not to be taken less than
0.3 kif.

Assuming no superelevation for the example bridge and a barrier height of 42 inches above the concrete
deck, the minimum exposed height of the composite superstructure is computed as:

h,,, =(0.875+69.0+3.5+9.5+42.0)/12=10.41 ft
The total wind load per unit length, w, for the case of wind applied normal to the structure is computed as:

w=P,h__=0.053(10.41)=0.55 kips/ft>0.3 kips/ft ok

exp.

Wind pressure on live load, WL, is specified in Article 3.8.1.3. Wind pressure on live load is to be
represented by a moving force of 0.1 kif acting normal to and 6 feet above the roadway, which results in
an overturning force on the vehicle similar to the effect of centrifugal force on vehicles traversing
horizontally curved bridges. The horizontal line load is to be applied to the same tributary area as the
design lane load for the force effect under consideration. When wind on live load is not taken normal to
the structure, the normal and parallel components of the force applied to the live load may be taken from
Table 3.8.1.3-1.

Finally, for load cases where the direction of the wind is taken perpendicular to the bridge and there is no
wind on live load considered, a vertical wind pressure of 0.020 ksf applied to the entire width of the deck
is to be applied in combination with the horizontal wind loads to investigate potential overturning of the
bridge (Article 3.8.2). This load case is not investigated in this example.
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Load Combinations

Four limit states are defined in the LRFD specifications to satisfy the basic design objectives of LRFD;
that is, to achieve safety, serviceability, and constructibility. Each of these limit states is discussed in
more detail later on. For each limit state, the following basic equation (Article 1.3.2.1) must be satisfied:

2NviQi < 0R,=R; Eq. (1.3.2.1-1)
where: 1; = load modifier related to ductility, redundancy and operational importance
v = load factor, a statistically based multiplier applied to force effects
¢ = resistance factor, a statistically based multiplier applied to nominal resistance
Q; = force effect
R, = nominal resistance
R, = factored resistance

The load factors are specified in Tables 3.4.1-1 and 3.4.1-2 of the specifications. For steel structures, the
resistance factors are specified in Article 6.5.4.2.

As evident from the above equation, in the LRFD specifications, redundancy, ductility, and operational
importance are considered more explicitly in the design. Ductility and redundancy relate directly to the
strength of the bridge, while the operational importance relates directly to the consequences of the bridge
being out of service. The grouping of these three effects on the load side of the above equation through
the use of the load modifier n; represents an initial attempt at their codification. Improved quantification
of these effects may be possible in the future. For loads for which a maximum value of v; is appropriate:

N, =NpMgM; = 0.95 Eq. (1.3.2.1-2)
where: mnp = ductility factor specified in Article 1.3.3
nr = redundancy factor specified in Article 1.3.4
n: = operational importance factor specified in Article 1.3.5
For loads for which a minimum value of v; is appropriate:
1
n,= <1.0 Eq. (1.3.2.1-3)
MpMr My

For typical bridges for which additional ductility-enhancing measures have not been provided beyond
those required by the specifications, and/or for which exceptional levels of redundancy are not provided,
the three m factors have default values of 1.0 specified at the strength limit state. At all other limit states,
all three n factors must be taken equal to 1.0. Therefore, for the example design, 1; will be taken equal to
1.0 at all limit states.

The load combinations are also presented in Table 3.4.1-1; there are fewer load combinations specified in
LRFD than in Load Factor Design (LFD).

STRENGTH 1 is the load combination to be used for checking the strength of a member or component
under normal use in the absence of wind. The basic STRENGTH I load combination is 1.25 times the
permanent load of member components (e.g. the concrete deck and parapets), plus 1.5 times the load due
to any non-integral wearing surfaces and utilities, plus 1.75 times the design live load. When evaluating
the strength of the structure during construction, the load factor for construction loads, for equipment and
for dynamic effects (i.e. temporary dead and/or live loads that act on the structure during construction) is
not to be taken less than 1.5 in the STRENGTH I load combination (Article 3.4.2). Also, the load factor
for any non-integral wearing surface and utility loads may be reduced from 1.5 to 1.25 when evaluating
the construction condition.
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To check the strength of a member or component under special permit loadings in the absence of wind,
the STRENGTH II load combination should be used. The STRENGTH II load combination is the same
as the STRENGTH I load combination with the live-load load factor reduced to 1.35.

The STRENGTH III load combination is to be used for checking strength of a member or component
assuming the bridge is exposed to a wind velocity exceeding 55 miles per hour in the absence of live load.
The basic STRENGTH III load combination is 1.25 times the permanent load of member components,
plus 1.5 times the load due to any non-integral wearing surfaces and utilities, plus 1.4 times the wind load
on the structure. Note that the load factor for wind may be reduced to not less than 1.25 when checking
the STRENGTH III load combination during construction (Article 3.4.2). Also, for evaluating the
construction condition, the load factor for temporary dead loads that act on the structure during
construction is not to be taken less than 1.25 and the load factor for any non-integral wearing surface and
utility loads may be reduced from 1.5 to 1.25.

In the STRENGTH IV load combination, all permanent-load effects (for both the construction and final
conditions) are factored by 1.5 and both live- and wind-load effects are not included. For the bridge in its
final condition, the STRENGTH IV load combination basically relates to very high dead-to-live load
force effect ratios. For longer-span bridges in their final condition, the ratio of dead-to-live load force
effects is very high and could result in a set of resistance factors different from those determined to be
suitable for the sample of smaller-span bridges (with spans not exceeding 200 ft) that were used in the
calibration of the specification. Rather than using two sets of resistance factors with the STRENGTH I
load combination, it was decided that it would be more practical to include this separate load case. It has
also been found that this particular load combination can control during the investigation of various
construction stages.

Finally, the STRENGTH V load combination is to be used to check the strength of a member or
component assuming the bridge is exposed to a wind velocity equal to 55 miles per hour under normal
use. The basic STRENGTH V load combination is 1.25 times the permanent load of member
components, plus 1.5 times the load due to any non-integral wearing surfaces and utilities, plus 1.35 times
the design live load (or any temporary live loads acting on the structure when evaluating the construction
condition), plus 0.4 times the wind load on the structure, plus 1.0 times the wind on the live load. For
evaluating the construction condition under the STRENGTH V load combination, the load factor for
temporary dead loads that act on the structure during construction is not to be taken less than 1.25 and the
load factor for any non-integral wearing surface and utility loads may be reduced from 1.5 to 1.25.

EXTREME EVENT I is the load combination including earthquake loading. EXTREME EVENT II is the
load combination relating to vehicle and ship collisions and ice loads.

SERVICE I relates to normal operational use of the bridge and would be used primarily for crack control
in reinforced concrete structures. However, the live-load portion of the SERVICE I load combination is
used for checking live-load deflection in steel bridges. SERVICE 11 is used only for steel structures and
corresponds to the Overload level in Standard Specifications. In the SERVICE II load combination, the
permanent-load load factors are all reduced to 1.0 and the live-load load factor is reduced to 1.3. If the
SERVICE II load combination is to be applied to a permit-load situation, consideration should be given to
reducing the live-load load factor further. SERVICE III is used for crack control in prestressed concrete
structures. Finally, there is the FATIGUE load combination, which has previously been discussed.

In strength load combinations where one force effect decreases another force effect, the specified
minimum values of the load factors vy, in Table 3.4.1-2 are to be applied instead to the permanent-load
force effects. For example, when checking for uplift at end supports, the load factor applied to the
permanent load of member components would be reduced from 1.25 to 0.90. The load factor applied to
the non-integral wearing surface loads (if considered in this check) and utility loads would be reduced
from 1.50 to 0.65.
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In this particular example, the following load combinations will be evaluated. Only the maximum
permanent-load load factors ~, (from Table 3.4.1-2) are used in the following load combinations since

uplift is not a concern for this particular bridge geometry.

STRENGTH I: 1.25DC + 1.5DW + 1.75(LL+IM)

STRENGTH III: 1.25DC + 1.5DW + 1.4WS

STRENGTH IV: 1.5(DC+DW)

STRENGTH V: 1.25DC + 1.5DW + 1.35(LL+IM) + 0.4WS + 1.0WL

Load factors are modified as specified as specified in Article 3.4.2 when checking the strength of a
member or component during construction. No permit vehicle is specified in this example; therefore, load
combination STRENGTH II is not checked. The effect of the thermal gradient is not included. Extreme
event limit state checks are also not demonstrated in this example.

SERVICE II: 1.0DC + 1.0DW + 1.3(LL+IM)

In the above, LL is the HL-93 vehicular live load or the special negative-moment loading, WS is the wind
load on the structure, and WL is the wind on the live load.

FATIGUE: 0.75(LL+IM)
where LL is the fatigue load specified in Article 3.6.1.4.1.

SERVICE I and SERVICE III are not directly applicable to steel girder structures. However, the live-
load deflection check will be performed as specified in Article 2.5.2.6.2 using the live-load portion of
load combination SERVICE I, including the dynamic load allowance, as follows:

1.00(LL+IM)

where LL is the live loading for live-load deflection evaluation specified in Article 3.6.1.3.2.

7. STRUCTURAL ANALYSIS

71.

Structural analysis is covered in Section 4 of the LRFD specifications. Both approximate and refined
methods of analysis are discussed in detail. Refined methods of analysis are given greater coverage in the
LRFD specifications than they have been in the past recognizing the technological advancements that
have been made to allow for easier and more efficient application of these methods. However, for this
particular example, approximate methods of analysis (discussed below) are utilized to determine the
lateral live-load distribution to the individual girders, and the girder moments and shears are determined
from a line-girder analysis.

Multiple Presence Factors (Article 3.6.1.1.2)

Multiple presence factors to account for the probability of coincident loadings are presented in Section 3
of the LRFD specifications (Table 3.6.1.1.2-1). The factors are different than the factors given in the
Standard Specifications. The extreme live-load force effect is to be determined by considering each
possible combination of number of loaded lanes multiplied by the corresponding multiple presence factor.
However, the specified multiple presence factors are only to be applied when the lever rule (discussed
below), the special requirement for exterior girders assuming rigid rotation of the cross-section (also
discussed below), or refined analysis methods are employed. The factors are not to be applied when the
tabularized equations for live-load distribution factors given in the specification are used, as the multiple
presence effect has already been factored into the derivation of the equations.

As specified in Article 3.6.1.1.2, multiple presence factors are also not to be applied to the fatigue limit
state check for which one design truck is used. Therefore, when using the tabularized equation for the
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distribution factor for one-lane loaded in the fatigue limit-state check, the 1.2 multiple presence factor for
one-lane loaded must be divided out of the calculated factor. Or, when using the lever rule or the special
analysis to compute the factor for one-lane loaded for the exterior girder for the fatigue checks, the 1.2
multiple presence factor is not to be applied. The specified 1.2 multiple presence factor for one-lane
loaded results from the fact that the statistical calibration of the LRFD specifications was based on pairs
of vehicles rather than a single vehicle. The factor of 1.2 accounts for the fact that a single vehicle that is
heavier than each one of a pair of vehicles (in two adjacent lanes) can still have the same probability of
occurrence.

The proper use of the multiple presence factors is demonstrated below in the calculation of the live-load
distribution factors for the example bridge.

Live-Load Distribution Factors (Article 4.6.2.2)

New and more refined equations for the lateral live-load distribution factors for I-girders, based on
research done under NCHRP Project 12-26, are incorporated in the LRFD specifications. The factors vary
according to the type of deck and girders, the number of design lanes loaded, and whether the girder is an
interior or exterior girder. The factors are generally dependent on the span length, transverse girder
spacing, and the stiffness of the member.

For example, the live-load distribution factor for the interior-girder bending moment for steel I-girder
bridges with a concrete deck loaded by two or more design lanes is given as follows (Table 4.6.2.2.2b-1):

S ]0.6 [ S ]0,2
95) (L
= live-load distribution factor for bending moment (in units of lanes)
= girder spacing (3.5 ft < S <16 ft)
L =span length (20 ft <L <240 ft) (see Table C4.6.2.2.1-1 for suggested values of L
to use)
s = structural concrete deck thickness (4.5 in. <t, < 12 in.)
K, =n(l+Ae;)
n = modular ratio
I = moment of inertia of the steel girder
A = cross-sectional area of the steel girder
e, = distance from the centroid of the steel girder to the mid-point of the concrete deck

0.1

K

g

12.0Lt;

g=0.075+

where:

92K0 )]

=+

A different equation is given to compute the distribution factor for one-lane loaded. Note that the results
from all the formulas are given in terms of /anes rather than wheels. Since the stiffness of the girders is
usually not known in advance, the stiffness term (K,/12.0Lt;’) may be taken as unity for preliminary
design. The above equation is to be used when designing in Customary U.S. units.

The use of the approximate equations for I-girder bridges is limited to bridges where the deck is
supported on four or more girders. The use of these equations is also subject to the limitations on girder
spacing, span length, slab thickness, etc., as noted above. For cases outside these limits, engineering
judgment should be employed in extending the application of the formulas beyond the limits, or else other
approaches such as refined analysis methods may be used. When the upper limitation on girder spacing is
exceeded, Article 4.6.2.2.1 requires that the lever rule (discussed below) be used to compute the lateral
distribution of load to the individual girders, unless otherwise specified. The distribution factor for
interior girders, as determined from the above equation, will generally result in lower live-load bending
moments than when the moments are computed using a factor of S/5.5, except possibly for very short
spans.
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For exterior girders when two or more design lanes are loaded, a correction factor is applied to the
computed distribution factor for the interior girders to compute the fraction of the wheel loads distributed
to the exterior girders. The correction factor depends on the distance from the centerline of the exterior
girder to the edge of the curb (Table 4.6.2.2.2d-1).

To compute the distribution factor for an exterior girder when one lane is loaded, the lever rule is applied.
The lever rule involves the use of statics to determine the wheel-load reaction at the exterior girder by
summing moments about the adjacent interior girder assuming the concrete deck is hinged at the interior
girder.

For steel girders utilizing diaphragms or cross-frames, it is also specified that the distribution of live load
to the exterior girders is not to be less than that computed from a special analysis assuming the entire
bridge cross-section deflects and rotates as a rigid body. This latter clause was instituted into the
specifications primarily because the distribution-factor formulas were developed without consideration of
diaphragms or cross-frames and their effect on the distribution of load to the exterior girders of steel
I-girder bridges. A formula to determine the reaction at an exterior girder under one or more lanes of
loading based on the above assumption is given in the Commentary to Article 4.6.2.2.2d [Eq.
(C4.6.2.2.2d-1)]; the procedure is equivalent to the conventional procedure used to approximate loads on
pile groups.

When utilizing the lever rule and the special analysis, vehicles must be placed within their design lanes.
As specified in Article 3.6.1.2.1, the HL-93 live loading is assumed to occupy a load lane width of 10 ft
transversely within a 12-ft-wide design lane. Figure 3.6.1.2.2-1 shows that for the assumed transverse
wheel spacing of 6 ft, a distance of 2 ft remains from the center of each wheel to each edge of the
specified load lane width (note that the 6 ft transverse wheel spacing is also conservatively assumed to
apply to the design lane load). The number of design traffic lanes to be placed on the bridge is
determined by taking the integer part of w/12.0, where w is the roadway width measured between curbs.
As specified in Article 3.6.1.1.1, roadway widths from 20 to 24 ft shall have two design lanes, each equal
to one-half the roadway width. In the computation of the exterior-girder distribution factor according to
the above procedures, the live loads occupying their individual load lane widths are to be placed within
their design lanes. The design lanes are then to be placed within the roadway width to maximize the
wheel-load reaction at the exterior girder. As shown in Figure 3.6.1.2.2-1, a wheel load can be no closer
than 2 ft from the edge of a barrier or curb. These same rules for positioning of the live loads on the
bridge would apply when performing refined analyses.

Also, as specified in Article 2.5.2.7.1, unless future widening of the bridge is virtually inconceivable, the
total load carrying capacity of an exterior girder (considering dead plus live load) is not to be less than the
total load carrying capacity of an interior girder. However, it should be noted that the use of the refined
distribution factors given in the LRFD Specifications, along with the assumption of equal distribution of
the DC, loads to each girder and the suggested increase in the percentage of the barrier weight assigned to
the exterior girders (as discussed above), will typically result in larger total factored moments in the
exterior girders than the interior girders, unless the deck overhangs are very small. For this reason, it is
recommended that deck overhangs be limited to approximately 35 percent (or less) of the transverse
girder spacing, if possible, to ensure a reasonable balance of the total moments in the interior and exterior
girders.

Separate distribution factors are also now given for determining the bending moment and shear in
individual I girders. The distribution factors for shear are specified in Tables 4.6.2.2.3a-1 and 4.6.2.2.3b-1
for interior and exterior girders, respectively. Correction factors, given in Tables 4.6.2.2.2e-1 and
4.6.2.2.3c-1, may be applied to the individual distribution factors for bending moment and shear to
account, in a limited way, for the effects of skewed supports. Dead-load effects are currently not adjusted
for the effects of skew.

May 3, 2004 Page 21 of 123



Three-Span Continuous Straight I-Girder LRFD 3™ Edition

The computation of the live-load distribution factors for an interior and exterior girder from the example
bridge, utilizing the approximate methods discussed above, is now illustrated.

7.2.1. Live-Load Lateral Distribution Factors - Positive Flexure

The following preliminary cross-section (Figure 4) is assumed to determine the longitudinal stiffness
parameter K, that is utilized in the approximate formulas to compute the live-load distribution factors for
regions in positive flexure (refer also to Figure 3):

.
Love s
1"x 16" J S
32]
1/2" x 69"
13/8" x 18" —\

Figure 4: Preliminary Cross-Section - Positive Flexure

Component A d Ad Ad? I, I
Top Flange 1" x 16" 16.00 35.00 560.0 19,600 1.33 19,601
Web 4" x 69" 34.50 13,688 13,688
Bottom Flange 134" x 18" 24.75| -35.19 —871.0 30,649 3.90 30,653
75.25 -311.0 63,942
~4.13(311.0)= 1,284
T 5 fea. 4
S_—311.0:_4.13i I = 62,658 1n.
5.25
drop oF step. =35-50+4.13=39.63 in. dgor op sreer =35-88-4.13=31.75 in.
62,658 . 62,658 .
Stop oF sTEEL = 3963 =1,581 in’ Sgor or sTEEL = 31.75 =1,973 in’
Compute the modular ratio n (Article 6.10.1.1.1b):
E
n:E— Eq. (6.10.1.1.1b-1)

where E. is the modulus of elasticity of the concrete determined as specified in Article 5.4.2.4. A unit
weight of 0.145 kef will be used for the concrete in the calculation of the modular ratio (since 0.005 kef of
the specified unit weight of 0.150 kcf is typically assumed to account for the weight of the
reinforcement).

E,=33,000w"*|/f. Eq. (5.4.2.4-1)
E,=33,000(0.145)" /4.0=3,644 ksi
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29,000
3,644

Note that for normal-density concrete, Article C6.10.1.1.1b permits 7 to be taken as 8 for 4.0-ksi concrete.
Therefore, n = 8 will be used in all subsequent computations.

=7.96

eg=¥+3.5+39.63-1.0246.63 in.

K, =n(I+Ac?)=8(62,658+75.25(46.63)'|=1.81 x 10° in.*

For preliminary design, the entire term containing K, in the approximate formulas may be taken as 1.0.
Although the K, term varies slightly along the span and between spans, the value at the maximum
positive moment section in the end span is used in this example to compute the distribution factor to be
used in all regions of positive flexure. Other options are to compute a separate K, in each span based on
the average or a weighted average of the properties along each span in the positive-flexure region, or to
compute K, based on the actual values of the section properties at each change of section resulting in a
variable distribution factor along each span within the positive-flexure region. However, the distribution
factor is typically not overly sensitive to the value of K, that is assumed.

The girders satisfy the limitations defining the range of applicability of the approximate formulas; these
limitations are specified in the individual tables containing the formulas. For example, the number of
girders in the cross-section is greater than or equal to four, the transverse girder spacing is greater than or
equal 3'-6" and less than or equal to 16'-0", and the span length is greater than or equal to 20'-0" and less
than or equal to 240'-0". The limitations on K, (specified for the shear distribution factor only) and on
the slab thickness are also satisfied. The computation of the distribution factors (in units of lanes) is
illustrated below.

7.2.1.1. Interior Girder - Strength Limit State

The live-load distribution factors for an interior girder for checking the strength limit state are determined
using the approximate formulas given in the indicated tables. Multiple presence factors (Article 3.6.1.1.2)
are not explicitly applied because these factors were included in the derivation of these formulas.
Separate factors are given to compute the bending moment and shear. For regions in positive flexure,
Table C4.6.2.2.1-1 suggests using the length of the span under consideration for L.

Bending Moment (Table 4.6.2.2.2b-1):
0.4 {E]os Kg 0.1
L) |12.0Lt]

12.0]“[ 12.0 ]“
14 | |140.0

0.6 [E]O.Z
L
12.0]""’[ 12.0 ]“

9.5 ) 140.0

S

14

One lane loaded: 0.06+

1.81 x 10°
12.0(140.0)(9.0)’

0.1

.1
0.06+[ ] =(0.528 lanes

K

g

12.0Lt

S

9.5

Two or more lanes loaded: 0.075+

1.81x 10°
12.0(140.0)(9.0)’

.1
0.075+[ ] =0.807 lanes (governs)
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Shear (Table 4.6.2.2.3a-1):

S

One lane loaded: 0.36+ 25.0
12.0

0.36+——=0.840 lanes
25.0
S 2
- 02+ —-|—
Two or more lanes loaded: B 35]
12.0 [12.0

2
0.24+——- —] =1.082 lanes (governs)
12 (35

7.2.1.2. Exterior Girder - Strength Limit State

The live-load distribution factors for an exterior girder for checking the strength limit state are determined
as the governing factors calculated using a combination of the lever rule, approximate formulas, and a
special analysis assuming that the entire cross-section deflects and rotates as a rigid body. Each method is
illustrated below. As stated in Article 3.6.1.1.2, multiple presence factors are included at the strength
limit state when the lever rule and the special analysis are used. Separate factors are again computed for
bending moment and shear.

Bending Moment:
One lane loaded: Use the lever rule (Table 4.6.2.2.2d-1)

The lever rule involves the use of statics to determine the lateral distribution to the exterior girder by
summing moments about the adjacent interior girder to find the wheel-load reaction at the exterior girder
assuming the concrete deck is hinged at the interior girder (Figure 5). A wheel cannot be closer than 2'-0"
to the base of the curb (Article 3.6.1.3.1). For the specified transverse wheel spacing of 6'-0", the wheel-
load distribution to the exterior girder is computed as:

R
i 9'_0“
1l_6ll | I 2'_0“ 6'_0“ |
A SN =
3'_6“ 1 2'_0"

Figure 5: Exterior-Girder Distribution Factor - Lever Rule
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29 _ 0350
12.0

Multiple presence factor m= 1.2 (Table 3.6.1.1.2-1)
1.2(0.750) = 0.900 lanes

Two or more lanes loaded: Modify interior-girder factor by e (Table 4.6.2.2.2d-1)

The factor e is computed using the distance d,, where d, is the distance from the exterior girder to the
edge of the curb or traffic barrier (must be less than or equal to 5.5 ft). d, is negative if the girder web is
outboard of the curb or traffic barrier (must be greater than or equal to -1.0 ft).

e=0.77+ d
9.1

e=0.77+ 20 _ 0.990
9.1

0.990(0.807) = 0.799 lanes

The multiple presence factor is not applied.
Special Analysis (C4.6.2.2.2d - Commentary):

Assuming the entire cross-section rotates as a rigid body about the longitudinal centerline of the bridge,
distribution factors for the exterior girder are also computed for one, two and three lanes loaded using the
following formula:

N, N X, 2Me

R =
N, >N x?

Eq. (C4.6.2.2.2d-1)

= reaction on exterior beam in terms of lanes
NL = number of loaded lanes under consideration
e = eccentricity of a lane from the center of gravity of the pattern of girders (ft)
X = horizontal distance from the center of gravity of the pattern of girders to each girder (ft)
Xext = horizontal distance from the center of gravity of the pattern of girders to the exterior
girder (ft)
N, = number of beams or girders

R, R, 30" R

120" [ o0 °

20"

36" 120" 6-0"

Figure 6: Exterior-Girder Distribution Factor - Special Analysis
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Multiple presence factors (Table 3.6.1.1.2-1):

1 lane: m = 1.2
2 lanes: m = 1.0
3lanes: m; = 0.85

Referring to Figure 6:

1 (120+6.0)(12.0+3.0)
. R=—+ =0.625
One lane loaded: 4 2(18.02 n 6.02)
m,R =1.2(0.625) = 0.750 lanes
2 (12.0+6.0)(12.0+3.0+3.0)
Two lanes loaded: R = 4 + 2(18.02 n 6.02> =0.950
m,R =1.0(0.950) = 0.950 lanes (governs)

R — 3 (12.0+ 6.0)(12.0 +3.0+ 3.0-9.0)
Three lanes loaded: 4 2(18.02 +6.02)

m,R = 0.85(0.975) = 0.829 lanes

=0.975

Shear:
One lane loaded: Use the lever rule (Table 4.6.2.2.3b-1)
0.900 lanes (See previous computation)
Two or more lanes loaded: Modify interior-girder factor by e (Table 4.6.2.2.3b-1)

6:0.6—1-$
10

e:0.6+£:0.80
10

0.80(1.082) = 0.866 lanes

Special Analysis (C4.6.2.2.2d - Commentary):
The factors computed for bending moment are also used for shear:

One lane loaded: 0.750 lanes
Two lanes loaded: 0.950 lanes (governs)
Three lanes loaded: 0.829 lanes

The resulting distribution factors used to check the strength limit state in regions of positive flexure are:

Interior Girder Exterior Girder
Bending Moment 0.807 lanes 0.950 lanes
Shear 1.082 lanes 0.950 lanes

7.2.1.3. Distribution Factors for Fatigue Limit State

When checking fatigue, the fatigue load is placed in a single lane. Therefore, the distribution factors for
one-lane loaded are used when computing the stress and shear ranges due to the fatigue load, as specified
in Article 3.6.1.4.3b. According to Article 3.6.1.1.2, multiple presence factors shall not be applied when
checking the fatigue limit state. Therefore, the following values of the distribution factors for checking
the fatigue limit state in regions of positive flexure reflect the preceding values for one-lane loaded
divided by the specified multiple presence factor of 1.2 for one-lane loaded (Table 3.6.1.1.2-1):
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Interior Girder

Exterior Girder

Bending Moment

0.440 lanes

0.750 lanes

Shear

0.700 lanes

0.750 lanes

7.2.1.4. Distribution Factor for Live-Load Deflection

According to Article 2.5.2.6.2, when investigating the maximum absolute live-load deflection, all design
lanes should be loaded, and all supporting components should be assumed to deflect equally. For multi-
girder bridges, this is equivalent to saying that the distribution factor for computing live-load deflection is
equal to the number of lanes divided by the number of girders. Also, the appropriate multiple presence

factor from Article 3.6.1.1.2 shall apply as stated in Article 2.5.2.6.2.

DF = m, [&]
Nb

= 0.85[%] = 0.638 lanes

The following preliminary cross-section (Figure 7) is assumed to determine the longitudinal stiffness
parameter K, that is utilized in the approximate formulas to compute the live-load distribution factors for

regions in negative flexure (refer also to Figure 3):

2" X 18"J

2" X 20"

7.2.2. Live-Load Lateral Distribution Factors - Negative Flexure

o
—
"
o
9/16" x 69"

Figure 7: Preliminary Cross-Section - Negative Flexure

Component A d Ad Ad? I, I
Top Flange 2" x 18" 36.00] 35.50 1,278 45,369 12.00 45,381
Web %" x 69" 38.81 15,399 15,399
Bottom Flange 2" x 20" 40.00] =35.50 —1,420 50,410 13.33 50,423
114.8 -142.0 111,203
-1.24(142.0) = -176.1
_ = 111,027in.*
d, =220y o4in, b s
114.8
drop o steer. = 36.504+1.24 =37.74 in. dsorop step. = 36.50—1.24 =35.26 in.

111,027

STOP OF STEEL — 37 74

=2,942 in.

May 3, 2004

SBOT OF STEEL — 35 26

111,027

=3,149 in”
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e :9—;—1-3.5 +37.74—2.0=43.74 in.

g
n=_§
_ 2y 2\ 6 : 4
K, =n(I+Ae,”)=8(111,027 +114.8(43.74)") = 2.65 x 10” in.
Again, for preliminary design, the entire term containing K, in the approximate formulas may be taken as
1.0. In the preceding calculation, K, is based on the section properties of the interior-pier section. K, may
instead be computed based on the section properties at each change of section resulting in a variable

distribution factor along the span within the negative-flexure region, or K, may be based on the average or
weighted average of the properties along each span in the negative-flexure region.

7.2.2.1. Interior Girder - Strength Limit State

For regions in negative flexure between points of contraflexure, Table C4.6.2.2.1-1 suggests using the
average length of the two adjacent spans for L.

Bending Moment (Table 4.6.2.2.2b-1):

0.4 03
One lane loaded: 0.06 + 12.0 12.0
14 157.5

2.65x10°
12.0(157.5)(9.0

0.1
)3] =0.524 lanes

2.65x10°
12.0(157.5)(9.0)’

0.6 0.2
Two or more lanes loaded: 0.075+[12'0] [ 12.0 J [

0.1
=0.809 lanes (governs
9.5 157.5 ] (g )

All other distribution factors for regions in negative flexure for the interior girder and for the exterior
girder are independent of the span length and the stiffness of the girder; therefore, they are identical to the
values calculated earlier for regions in positive flexure.

The resulting distribution factors used to check strength limit state in regions of negative flexure are:

Interior Girder

Exterior Girder

Bending Moment

0.809 lanes

0.950 lanes

Shear

1.082 lanes

0.950 lanes

7.2.2.2. Distribution Factors for Fatigue Limit State

The following values of the distribution factors for checking the fatigue limit state in regions of negative
flexure reflect values computed previously for one-lane loaded divided by the specified multiple-presence
factor of 1.2 for one-lane loaded (Table 3.6.1.1.2-1):

7.3.

Interior Girder

Exterior Girder

Bending Moment

0.437 lanes

0.750 lanes

Shear

0.700 lanes

0.750 lanes

Dynamic Load Allowance: IM (Article 3.6.2)

The dynamic load allowance is an increment applied to the static wheel load to account for wheel-load
impact from moving vehicles.

For the strength limit state and live-load deflection checks:

IM = 33% (Table 3.6.2.1-1)

Factor = 1+£: 1.33
100
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This factor is applied only to the design truck or tandem portion of the HL-93 design live load, or to the
truck-train portion of the special negative-moment loading discussed previously.

For the fatigue limit state checks:

IM = 15% (Table 3.6.2.1-1)

Factor = 1+£:l.15
100

This factor is applied to the fatigue load.

8. ANALYSIS RESULTS
8.1. Moment and Shear Envelopes

The analysis results for the exterior girder (Figure 3) are shown in the following figures. As specified in
Article 6.10.1.5, the following stiffness properties were used in the analysis: 1) for loads applied to the
noncomposite section, the stiffness properties of the steel section alone, 2) for permanent loads applied to
the composite section, the stiffness properties of the long-term composite section assuming the concrete
deck to be effective over the entire span length, and 3) for transient loads applied to the composite
section, the stiffness properties of the short-term composite section assuming the concrete deck to be
effective over the entire span length. The entire cross-sectional area of the deck associated with the
exterior girder was assumed effective in the analysis for loads applied to the composite section. Note that
for a continuous span with a nonprismatic member, changes to individual section stiffnesses can have a
significant effect on the analysis results. Thus, for such a span, whenever plate sizes for a particular
section are revised, it is most always desirable to perform a new analysis.

In the first series of plots (Figures 8 and 9), moment and shear envelopes due to the unfactored dead and
live loads are given. Live-load moments in regions of positive flexure and in regions of negative flexure
outside points of permanent-load contraflexure are due to the HL-93 loading (design tandem or design
truck with the variable axle spacing combined with the design lane load; whichever governs). Live-load
moments in regions of negative flexure between points of permanent-load contraflexure are equal to the
larger of the moments caused by the HL-93 loading or a special negative-moment loading (90 percent of
the effect of the truck-train specified in Article 3.6.1.3.1 combined with 90 percent of the effect of the
design lane load). Live-load shears are due to the HL-93 loading only. However, it should be noted that
interior-pier reactions are to be calculated based on the larger of the shears caused by the HL-93 loading
or the special negative-moment loading. The indicated live-load moment and shear values include the
appropriate lateral distribution factor and dynamic load allowance for the strength limit state, computed
earlier. DC,; is the component dead load acting on the noncomposite section and DC; is the component
dead load acting on the long-term composite section. DW is the wearing surface load. Note that the live-
load shears in Figure 9 are controlled by the interior girder in this example (the distribution factor for
shear for the interior girder at the strength limit state is 1.082 lanes versus 0.950 lanes for the exterior
girder).

The second series of plots (Figures 10 and 11) shows the moment and shear envelopes due to the
unfactored fatigue load specified in Article 3.6.1.4.1. The appropriate lateral distribution factor and
reduced dynamic load allowance for the fatigue limit state are included in the indicated values.
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Live Load Deflection

As discussed previously, the optional live-load deflection check consists of evaluating two separate live-
load conditions to simulate current AASHTO HS20 loadings. Again, the two load conditions are (Article
3.6.1.3.2):

e The design truck.
e The design lane load plus 25 percent of the design truck.

The dynamic load allowance of 33 percent is applied to the design truck in each case. A load factor of 1.0
is applied to the live load since the live-load portion of the SERVICE I load combination is to be used in
the check. The lateral distribution factor for live-load deflection, computed earlier, is also used. The
actual n-composite moments of inertia along the entire length of the girder are used in the analysis.
Because live-load deflection is not anticipated to be a significant concern for the example bridge, the
stiffness of the barriers is not included in the composite stiffness used in determining the live-load
deflections. However, the full width of the concrete deck associated with the exterior girder (versus the
effective flange width) is used in determining the composite stiffness, as recommended in Article 4.6.2.6
for the calculation of live-load deflections.

The maximum live-load deflections in the end span and center span due to the design truck plus the
dynamic load allowance are:

(A ) end span =0.91 in. (governs)
(A ) center span = 1.23 in. (governs)

The maximum live-load deflections in the end span and center span due to the design lane load plus 25
percent of the design truck plus the dynamic load allowance are:

(A ) end span =0.60 + 0.25(0.91) = 0.83 in.
(A ) centerspan  =0.85+0.25(1.23) = 1.16 in.

9. LIMIT STATES

9.1.

9.2.

Service Limit State (Articles 1.3.2.2 and 6.5.2)

To satisfy the service limit state, restrictions on stress and deformation under regular service conditions
are specified to ensure satisfactory performance of the bridge over its service life. As specified in Article
6.10.4.1, optional live load deflection criteria and span-to-depth ratios (Article 2.5.2.6) may be invoked to
control deformations.

Steel structures must also satisfy the requirements of Article 6.10.4.2 under the SERVICE II load
combination, which corresponds to the Overload level in current LFD procedures. The intent of the
design checks specified in Article 6.10.4.2 is to prevent objectionable permanent deformations, caused by
localized yielding and potential web bend-buckling under expected severe traffic loadings, which might
impair rideability. The live-load portion of the SERVICE II load combination is intended to be the design
live load specified in Article 3.6.1.1 (discussed previously). For a permit load situation, a reduction in the
specified load factor for live load under the SERVICE II load combination should be considered for this
limit-state check.

Fatigue and Fracture Limit State (Articles 1.3.2.3 and 6.5.3)

To satisfy the fatigue and fracture limit state, restrictions on stress range under regular service conditions
are specified to control crack growth under repetitive loads and to prevent fracture during the design life
of the bridge (Article 6.6.1). Material toughness requirements are also addressed (Article 6.6.2).
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9.4.

10.

10.1.Section Properties
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For checking fatigue in steel structures, the fatigue load and FATIGUE load combination (discussed
previously) apply. Fatigue resistance of details is discussed in Article 6.6. A special fatigue requirement
for webs (Article 6.10.5.3) is also specified to control out-of-plane flexing of the web that might
potentially lead to fatigue cracking under repeated live loading.

Strength Limit State (Articles 1.3.2.4 and 6.5.4)

At the strength limit state, it must be ensured that adequate strength and stability is provided to resist the
statistically significant load combinations the bridge is expected to experience over its design life.
Extensive structural damage may occur, but overall structural integrity is maintained. The applicable
STRENGTH load combinations (discussed previously) are used to check the strength limit state.

Although not specified as a separate limit state, constructibility is one of the basic design objectives of
LRFD. The bridge must be safely erected and have adequate strength and stability during all phases of
construction. Specific design provisions are given in Article 6.10.3 of the LRFD specifications to help
ensure constructibility of steel I-girder bridges; in particular, when subject to the specified deck-casting
sequence. The constructibility checks are typically made on the steel section only under the factored
non-composite dead loads using the appropriate strength load combinations.

Extreme Event Limit State (Articles 1.3.2.5 and 6.5.5)

At the extreme event limit state, structural survival of the bridge must be ensured during a major
earthquake or flood, or when struck by a vessel, vehicle, or ice flow. Extreme event limit states are not
covered in this example.

SAMPLE CALCULATIONS

Sample calculations for two critical sections in an exterior girder from the example bridge follow. Section
1-1 (refer to Figure 3) represents the section of maximum positive flexure in the end spans, and Section 2-
2 represents the section at each interior pier. The calculations are intended to illustrate the application of
some of the more significant provisions contained in Article 6.10. The sample calculations illustrate
calculations to be made at the service, fatigue and fracture and strength limit states. Detailed
constructibility checks are also illustrated. Sample stiffener designs and the design of the stud shear
connectors are included as well. The calculations make use of the moments and shears shown in Figures
8 through 11 and the section properties calculated below. In the calculation of the vertical bending
stresses throughout the sample calculations, compressive stresses are always shown as negative values
and tensile stresses are always shown as positive values. This convention is followed regardless of the
expected sign of the calculation result, in which the sign of the major-axis bending moment is maintained.

Note that a direct comparison should not be made between the unit weight of the example design

contained herein and the unit weight of the design given in Example 3 of the AISI/NSBA publication

entitled “Four LRFD Design Examples of Steel Highway

Bridges”. Although the cross-section and span lengths

are the same, the assumed component dead loads are ) RSN

significantly different in the two designs and a hybrid T

section is also used in regions of negative flexure in the ) s

design contained herein. This example design is NOT Ut

intended to provide a direct comparison between a girder

designed using the new Article 6.10 provisions and the

Article 6.10 provisions contained in preceding editions 112" x 69"

of the LRFD Specifications. 1 3/8" x 18"
- =

Figure 11: Section 1-1

S

312"

The calculation of the section properties for Sections 1-1
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and 2-2 is illustrated below. In computing the composite section properties, the structural slab thickness,
or total thickness minus the thickness of the integral wearing surface, is used. The modular ratio was
computed earlier to be n =7.96 ... say n = 8.

10.1.1. Section 1-1

Section 1-1 is shown in Figure 12. For this section, the longitudinal reinforcement is conservatively
neglected in computing the composite section properties.

10.1.1.1. Effective Flange Width (Article 4.6.2.6): Section 1-1

As specified in Article 6.10.1.1.1e, the effective flange width is to be determined as specified in Article
4.6.2.6. According to Article 4.6.2.6, for exterior girders, the effective flange width may be taken as one-
half the effective width of the adjacent interior girder, plus the least of: 1) one-eighth of the effective span
length, L, where L may be taken as the distance between points of permanent load contraflexure for
continuous spans, 2) 6.0 times the average thickness of the slab, plus the greater of half the web thickness
or one-quarter of the width of the top flange of the girder, or 3) the width of the overhang.

For interior girders, the effective flange width may be taken as the least of: 1) one-quarter of the effective
span length, L, where L may be taken as the distance between points of permanent load contraflexure for
continuous spans, 2) 12.0 times the average thickness of the slab, plus the greater of the web thickness or
one-half the width of the top flange of the girder, or 3) the average spacing of adjacent girders. For an
interior girder from the example bridge in regions of positive flexure, b4 is the least of:

L_I00OXI2 3000 in.
4 4
or
12.0t, +b—2‘f =12.0(9.0) +% =116.0 in. (governs)
or

average spacing of girders =144.0 in.

Therefore, for an exterior girder, by is the least of:

160 L _ 500 1000x12 )0 0in,
2 8 8
or
2 4 4
or

1160 15'0 + width of the overhang — 58.0 +42.0 in. —100.0 in. (governs)
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10.1.1.2. Elastic Section Properties: Section 1-1

Steel Section

Component A d Ad Ad? I, I
Top Flange 1" x 16" 16.00| 35.00 560.0 19,600 1.33 19,601
Web 14" x 69" 34.50 13,688 13,688
Bottom Flange 174" x 18" 24.75| -35.19 —871.0 30,649 3.90 30,653
75.25 -311.0 63,942
—4.13(311.0) = —1,284
- = 62,658 in.*
4 =0 43 T -
75.25
drop or sterr. = 39.504+4.13=39.63 in. dsorop sterr. = 35.88—4.13=31.75 in.
62,658 . 62,658 .
Stop oF sTEEL = m =1,581 in’ Sgot oF sTEEL = W =1,973 in’
Composite Section; 3n=24
Component A d Ad Ad? I, I
Steel Section 75.25 -311.0 63,942
Concrete Slab 9" x 100"/ 24 37.50| 42.50 1,594 67,734 253.1 67,987
112.8 1,283 131,929
—11.37(1,283) = —14,588
= 117,341 in.*
d, =228 1137 i, T i
112.8
droporsterr. = 35.50—11.37=24.13 in. dsorop ster. = 35.88+11.37 =47.25 in.
117,341 . 117,341 .
Stop oF sTEEL = TB = 4,863 in’ Sgot oF sTEEL = W =2,483 in }
Composite Section; n=8
Component A d Ad Ad? I, I
Steel Section 75.25 -311.0 63,942
Concrete Slab 9" x 100"/ 8 112.5] 42.50 4,781 203,203 759.4 203,962
187.8 4,470 267,904
—23.80(4,470) = —106,386
= 161,518 in.*
d =240 5380 in. T o
187.8
drop o ster. = 39.50—23.80=11.70 in. dor o sterL =39-88+23.80=59.68 in.
161,518 . 161,518 .
Stop oF stEEL = 1170 =13,805 in’’ Sgor or sTEEL = 50 68 =2,706 in’

10.1.1.3. Plastic Moment: Section 1-1

Determine the plastic-moment M, of the composite section using the equations provided in Appendix D

to Section 6 of the specification (Article D6.1). The longitudinal deck reinforcement is conservatively
neglected.
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P +P, +P, =A,F =7525(50)=3,763 kips

steel

P = 0.85fc' b st, = 0.85(4.0)(100.0)(9.0) = 3,060 kips
3,060 kips < 3,763 kips .". PNA is in the top flange, use Case Il in Table D6.1-1

_ t|P,+P P
—_c|w t S 1
Y=o7
_ 1.0]50(69.0)(0.5)450(1.375)(18.0) — 3,060
75 50(1.0)(16.0)

= 0.44 in. from the top of the top flange

M, —2%[?2 +(t, =)'+ [Pd, +P,d, +Pd,]

Calculate the distances from the PNA to the centroid of each element:

d, :¥+3.5+0.44—1.0: 7.44 in.

d,=1.0 +% —0.44=35.06 in.

d,=1.0+69.0+ 13% —0.44=70.25 in.

50(1.0)(16.0)

2(1.0)
[(3,060)(7.44) + 69.0(0.5)(50)(35.06) +1.375(18.0)(50)(70.25)]
M, =170,382 kip-in. = 14,199 kip-ft

p

[(0.44)2 +(1.0—0.44 ] +

10.1.1.4. Yield Moment: Section 1-1

Calculate the yield moment M, of the composite section using the equations provided in Appendix D to
Section 6 of the specification (Article D6.2.2). Essentially, M is taken as the sum of the moments due

to the factored loads at the strength limit state applied separately to the steel, long-term, and short-term
composite sections to cause first yield in either steel flange. Flange lateral bending is to be disregarded
in the calculation.

F, =y Moy | Mo Eq. (D6.2-1)
SNC SLT SST

where M, M, and M, are the moments applied to the steel, long-term and short-term composite
sections, respectively, factored by 77 and the corresponding load factors.

Solve for M, (bottom flange governs by inspection):

Page 38 of 123 May 3, 2004



LRFD 3" Edition Three-Span Continuous Straight I-Girder

1.25(2,202)(12) 1.25(335)(12)+1.50(322)(12) M

50=1.0 + AD
1,973 2,483 2,706
M,, = 78,206 kip-in. = 6,517 kip-ft
M, =My, +M,, +M,, Eq. (D6.2-2)

M, =1.0[1.25(2,202)+1.25(335)+1.50(322) + 6,517
M, =10,171 kip-ft
10.1.2. Section 2-2
Section 2-2 is shown in Figure 13.
10.1.2.1. Effective Flange Width (Article 4.6.2.6): Section 2-2
The effective flange width for Section 2-2 is calculated

using the procedures discussed previously for Section o
1-1. For an interior girder from the example bridge in : : 1
regions of negative flexure, by is the least of: ) AR Ry f I
— i
7 i
L 820x12 / g
e TX R 2"x 18" — g
4 4 o
or
by 18.0 . R
12.0t, + == 12.0(9.0) +—-=117.01in. (governs) —-— 9/16" x 69
Or 2" x Eﬂ“ \
average spacing of girders =144.0 in. LN -

Figure 12: Section 2-2
Therefore, for an exterior girder, by is the least of: g

H70 L _goo 820x12 0o
2 8 8
or
2 4 4
or

1170 I;O + width of the overhang = 58.5+42.0 in. =100.5 in. (governs)

10.1.2.2. Minimum Negative Flexure Concrete Deck Reinforcement (Article 6.10.1.7)

To control concrete deck cracking in regions of negative flexure, Article 6.10.1.7 specifies that the total
cross-sectional area of the longitudinal reinforcement must not be less than 1 percent of the total cross-
sectional area of the deck. This minimum longitudinal reinforcement must be provided wherever the
longitudinal tensile stress in the concrete deck due to either the factored construction loads or Load
Combination SERVICE II in Table 3.4.1-1 exceeds ¢f,, where f; is the modulus of rupture of the concrete
determined as specified in Article 5.4.2.6 and ¢ is the appropriate resistance factor for concrete in tension
specified in Article 5.5.4.2.1. The reinforcement is to have a specified minimum yield strength not less
than 60 ksi and a size not exceeding No. 6 bars. The reinforcement should be placed in two layers

May 3, 2004 Page 39 of 123



Three-Span Continuous Straight I-Girder LRFD 3™ Edition

uniformly distributed across the deck width, and two-thirds should be placed in the top layer. The
individual bars must be spaced at intervals not exceeding 12 in.

Article 6.10.1.1.1c states that for calculating stresses in composite sections subjected to negative flexure
at the strength limit state, the composite section for both short-term and long-term moments is to consist
of the steel section and the longitudinal reinforcement within the effective width of the concrete deck.
Referring to the cross-section shown in Figure 1:

9.0
A = (43.0)+2

1139, 5|3.5-82] 23317 f2 = 4,776 in2
12( 2 12

0.01(4,776) =47.76 in.

2776 1 1 in2/ft = 0.0926 in 2/in.
43.0

0.0926(100.5) =9.30in.”

For the purposes of this example, the longitudinal reinforcement in the two layers is assumed to be
combined into a single layer placed at the centroid of the two layers (with each layer also including the
assumed transverse deck reinforcement). From separate calculations, the centroid of the two layers is
computed to be 4.63 in. from the bottom of the concrete deck. Also in this example, the area of the
longitudinal reinforcement is conservatively taken equal to the minimum required area of longitudinal
reinforcement, although a larger area may be provided in the actual deck design.

Although not required by specification, for stress calculations involving the application of long-term loads
to the composite section in regions of negative flexure in this example, the area of the longitudinal
reinforcement is conservatively adjusted for the effects of concrete creep by dividing the area by 3 (i.e.
9.30/3 = 3.10 in.?). The concrete is assumed to transfer the force from the longitudinal deck steel to the
rest of the cross-section and concrete creep acts to reduce that force over time.

Finally, for members with shear connectors provided throughout their entire length that also satisfy the
provisions of Article 6.10.1.7, Articles 6.6.1.2.1 and 6.10.4.2.1 permit the concrete deck to also be
considered effective for negative flexure when computing stress ranges and flexural stresses acting on the
composite section at the fatigue and service limit states, respectively. Therefore, section properties for the
short-term and long-term composite section, including the concrete deck but neglecting the longitudinal
reinforcement, are also determined for later use in the calculations for Section 2-2 at these limit states.

10.1.2.3. Elastic Section Properties: Section 2-2

Steel Section

Component A d Ad Ad? I, I

Top Flange 2" x 18" 36.00] 35.50 1,278 45,369 12.00 45,381

Web %" x 69" 38.81 15,399 15,399

Bottom Flange 2" x 20" 40.00] —35.50 —-1,420 50,410 13.33 50,423
114.8 —-142.0 111,203

-1.24(142.0) = —-176.1
.4
d§:_142'0:—1.24 . I = 111,027 in.
‘ 114.8
drop or stee. = 36.504+1.24 =37.74 in. dsor op steer. = 36.50—1.24 =35.26 in.
111,027 111,027

=2,942 in.’ =3,149 in’

SBOT OF STEEL —

Storor sreer = 37 35.26
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Steel Section + Long. Reinforcement/3

Component A d Ad Ad? I, I
Steel Section 114.8 -142.0 111,203
Long. Reinforcement/3 3.10[ 42.63 132.2 5,634 5,634
117.9 -9.80 116,837
—0.08(9.80) = —0.78
9 = 116,836 in.*
reinf/3 — & =—0.08 in. T m
117.9
drop o sterr. = 36.5040.08 =36.58 in. dsorop ster. = 36.50—0.08 =36.42 in.
116,836 . 116,836 .
Stop oF sTEEL = W =3,194 in’ Sgot oF sTEEL = 36.42 =3,208 in’
Steel Section + Long. Reinforcement
Component A d Ad Ad? I, 1
Steel Section 114.8 -142.0 111,203
Long. Reinforcement 9.30| 42.63 396.5 16,901 16,901
124.1 254.5 128,104
—2.05(254.5) = -521.7
, = 127,582 in.*
reinf & = 205 in. INA mn
124.1
drop o sterr. = 36.50 — 2.05 =34.45 in. dsor op ster. = 36.50+2.05=38.55 in.
127,582 . 127,582 .
Stop oF stEEL = 34 .45 =3,703 in’* Sgor o sTEEL = W =3,310 in’
Composite Section; 3n=24
Component A d Ad Ad? I, I
Steel Section 114.8 -142.0 111,203
Concrete Slab 9" x 100.5"/24 | 37.69| 42.50 1,602 68,078 254.4 68,332
152.5 1,460 179,535
-9.57(1,460) = -13,972
= 165,563 in.*
d, =220 _ 957 in. T "
152.5
drop o sterr. = 36.50—9.57 =26.93 in. dsorop sterr. = 36.50+9.57 = 46.07 in.
165,563 . 165,563 .
Srop o sTEEL = W =6,148 in’ Ssor oF sTEEL = W =3,594 in”
Composite Section; n=8
Component A d Ad Ad? I, I
Steel Section 114.8 -142.0 111,203
Concrete Slab 9" x 100.5"/ 8 113.1f 42.50 4,807 204,287 763.2 205,050
227.9 4,665 316,253
-20.47(4,665) = —95,493
= 220,760 in.*
d, =209 _ 5047 in. T "
227.9

dop oF steer. = 36.50—20.47 =16.03 in.

May 3, 2004
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220,760 . 220,760 .
Srop or sTEEL = 16.03 =13,772 in? Ssor oF stEEL = 5697 =3,875 in’

10.2.Exterior Girder Check: Section 1-1
10.2.1. Constructibility (Article 6.10.3)

Article 6.10.3.1 states that in addition to providing adequate strength, nominal yielding or reliance on
post-buckling resistance is not to be permitted for main load-carrying members during critical stages of
construction, except for yielding of the web in hybrid sections. This is accomplished by satisfying the
requirements of Article 6.10.3.2 (Flexure) and 6.10.3.3 (Shear) under the applicable Strength load
combinations specified in Table 3.4.1-1, with all loads factored as specified in Article 3.4.2. For the
calculation of deflections during construction, all load factors are to be taken equal to 1.0.

As specified in Article 6.10.3.4, sections in positive flexure that are composite in the final condition, but
noncomposite during construction, are to be investigated during the various stages of the deck placement.
The effects of forces from deck overhang brackets acting on fascia girders are also to be considered.
Wind-load effects on the noncomposite structure prior to casting of the deck are also an important
consideration during construction, and are considered herein. Potential uplift at bearings should be
investigated at each critical construction stage.

10.2.1.1. Deck Placement Analysis

During the deck placement, parts of the girders become composite in sequential stages. Temporary
moments induced in the girders during the deck placement can be significantly higher than the final
noncomposite dead load moments after the sequential placement is complete. A separate analysis was
conducted using the BSDI, Ltd. Line Girder System (LGS) to determine the maximum moments in the
exterior girders of the example bridge caused by the following assumed deck-placement sequence (Figure
14). Note the sequence assumes that the concrete is cast in the two end spans at approximately the same
time. A check is not made for uplift should the cast in one end span be completed before the cast in the
other end span has started.

Article 6.10.3.4 requires that changes in the stiffness during the various stages of the deck placement be
considered. Therefore, in the analysis, all preceding deck casts are assumed composite for the casts that
follow. Should the deck not be cast in separate stages, but instead be cast from one end of the bridge to
the other, the end span must still be checked for the critical instantaneous unbalanced case where wet
concrete exists over the entire end span, with no concrete cast yet on the remaining spans.

Interior Pier € Interior Pier ¢ End Bearing

175-0" 140-0"

¢ End Bearing
140-0"

: 100-0" 400" | 420" 91-0" 420" | 400" 100-0" ;

® ® ©) ® ®

¢
|
|
[
|
|
|
|
|
|
i

Construction
Joints

O - Indicates Deck Casting Sequence

Figure 13: Deck-Placement Sequence
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Unfactored dead-load moments in Span 1 from the abutment to the end of Cast 1, including the moments
resulting from the preceding deck-placement sequence, are summarized in Table 1. In addition to the
moments due to each of the individual casts, Table 1 gives the moments due to the steel weight, the
moments due to the weight of the SIP forms, the sum of the moments due to the three casts plus the
weight of the SIP forms, the maximum accumulated positive moments during the sequential deck casts
(not including the steel weight), the sum of the moments due to the dead loads DC, and DW applied to
the final composite structure, and the moments due to the weight of the concrete deck, haunches and SIP
forms assuming that the concrete is placed all at once on the noncomposite girders. The assumed weight
of the SIP forms includes the weight of the concrete in the form flutes. Although the forms are initially
empty, the weight of the deck reinforcement is essentially equivalent to the weight of the concrete in the
form flutes.

The slight differences in the moments on the last line of Table 1 and the sum of the moments due to the
three casts plus the weight of the SIP forms are due to the changes in the girder stiffness with each cast.
The principle of superposition does not apply directly in the deck-placement analyses since the girder
stiffness changes at each step of the analysis. However, note the significant differences between the
moments on the last line of Table 1 and the maximum accumulated positive moments during the
sequential deck casts. In regions of positive flexure, the noncomposite girder should be checked for the
effect of this larger maximum accumulated deck-placement moment. This moment at Section 1-1 is
shown in bold in Table 1, along with the moment due to the steel weight. The sum of these moments is
computed as:
M =352 + 2,537 = 2,889 kip-ft

Table 1: Moments from Deck-Placement Analysis

Span -> 1 Unfactored Dead-Load Moments (kip-ft)
Length (ft) 0.0 12.0 24.0 42.0 48.0 56.0 72.0 84.0 96.0 100.0
_Steel Weight U 143 250 341 353 352296 206 T4 21
SIP Forms (SIP) 0 63 110 147 151 150 124 84 27 4
Cast 1 0 870 1544 2189 2306 2387 2286 1983 1484 1275
2 0 -168 -336 -589 -673 -786  -1010  -1179  -1347  -1403
I 30 14 28 0 ST 07 86 101 s 120
Sum of Casts + SIP 0 779 1346 1797 1841 1818 1486 989 279 -4
Max.tM 0 933 1654 2336 2457 2537 2410 2067 1511 1279
DC, + DW 0 275 477 643 661 657 551 386 148 52
Deck, haunches + SIP 0 786 1360 1822 1870 1850 1528 1038 335 53

The unfactored vertical dead-load deflections in Span 1 from the abutment to the end of Cast 1, including
the deflections resulting from the preceding deck-placement sequence, are summarized in Table 2.
Negative values are downward deflections and positive values are upward deflections.

Table 2: Vertical Deflections from Deck-Placement Analysis

Span ->1 Unfactored Vertical Dead-Load Deflections (In.)

Length (ft) 0.0 12.0 24.0 42.0 48.0 56.0 72.0 84.0 96.0 100.0
_Steel Weight 0 - =17 - -32 -47 -50  -51 -47 -39 -29 25
SIP Forms (SIP) 0 -.07 -.14 -20 -21 -21 -20 -.16 -12 -.10
Cast 1 0 -1.32 -2.50 -3.78 -4.04 -4.27 -4.30 -3.95 -3.33 -3.08

2 0 27 52 86 96 1.08 1.25 1.32 1.32 1.31
R 3 0 -01 - -03_ -04  -04 -05 -05  -05  -04 - -.03
_SumofCasts+SIP 0 -114 -214 -3.16 -334 -346 -330 -284 -2.17  -191
DG bwW AT o3z oA A8 A4S 4S8 28 24

Total 0 -1.48 -2.78 -4.09 -4.32 -4.46 -4.22 -3.61 -2.74 -2.40
Deck, haunches + SIP 0 -92 -1.71 -2.47 -2.59 -2.64 -2.43 -2.02 -1.47 -1.27
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Since the deck casts are relatively short-term loadings, the actual moments and deflections that occur
during construction are more likely to correspond to those computed using a modular ratio of »n for
determining the stiffness of the sections that are assumed composite. Therefore, the n-composite stiffness
is used for all preceding casts in computing the moments and deflections shown for Casts 2 and 3 in
Tables 1 and 2. The moments and deflections on the final composite structure due to the sum of the DC,
and DW loads shown in Tables 1 and 2 are computed using the 3n-composite stiffness to account for the
long-term effects of concrete creep. The entire cross-sectional area of the deck associated with the
exterior girder was assumed effective in the analysis in determining the stiffness of the composite
sections.

Note the differences in the calculated deflections on the last line of Table 2 (assuming the deck is cast all
at once on the noncomposite structure) and the sum of the accumulated deflections during the sequential
deck casts. In many cases, the deflections shown on the last line can be used to estimate the girder
cambers, as required in Article 6.10.3.5 to account for the dead-load deflections. When the differences in
these deflections are not significant, the deflections due to the accumulated deck casts will eventually
converge toward the deflections shown on the last line as concrete creep occurs. However, if the
differences in the deflections are deemed significant, the Engineer may need to evaluate which set of
deflections should be used, or else estimate deflections somewhere in-between to compute the girder
cambers and avoid potential errors in the final girder elevations.

It is interesting to note that a refined 3D analysis of the example bridge yielded a maximum deflection in
Span 1 (at Section 1-1) due to the weight of the concrete deck, haunches and SIP forms (assuming that the
concrete is placed all at once on 